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Abstract

In this work I present the results of my studies on a series of reduced niobium based
rutile structures: Nb2Ti07 doped with Fe and Zr, Tii_2xCrxNbx02 solid solution series.
Strontium niobates of the stoichiometry S^M^Og, Sr2Nb207, SrNb206 and their
reduced phases were also investigated, along with CaNb206 and BaNb206.

Thermal expansion and electronic conductivity of these materials were investigated
under oxidising and reducing conditions. Nb2Ti07 goes to rutile structure

Nb1.33Tio.67O4 under reducing conditions, and this has the highest conductivity of all
materials investigated at 300 Scm"1 at 900°C with p(O2)=10"20 atm, but the lowest
thermal expansion of 3.00±0.05xl0"6 K"1 (100°C-900°C), which is incompatible with
the thermal expansion coefficient of the Ni/YSZ anode in the solid oxide fuel cell of
10.3xl0"6 K"1. Doping Nb1.33Tio.67O4 decreases its conductivity, but increases its
thermal expansion to a maximum of 6.3xl0"6 K"1 for Nbi.347Tio.639Feo.oi404.

The Tii-2XCrxNbx02 solid solution series shows a maximum thermal expansion of
8.5xl0"6 K"1 for x=0.1 which then drops with increasing x to 5.6xl0"6 K"1 for x=0.5.
The conductivity of these samples, however, reaches a maximum of ~20Scm"' at

p(O2)=10"20 atm at 900°C for x=0.1-0.3, then drops to -10 Scm"1 for x=0.4 and -6
Scm"1 forx=0.5.

Sr4Nb20c), Sr2Nb207, SrNb206, CaNb206 and BaNb206 all show fairly poor electronic
conductivities in air and 5%H2/Ar (p(O2)=1020 atm) at 900°C which make them
unsuitable for use in the anode of the SOFC. Structurally they are very stable to

reducing conditions up to 1200°-1300°C in 5%H2/Ar compared to Nb2Ti07 whose
structure changes to rutile upon reduction.

In the systems studied, there are two types of conductivity that dominate. BaNb206 or
Sr2Nb207 show a linear dependence over the p(02) range with simple defect

equilibrium and fair kinetics. The rutile Tii_2xCrxNbx02 series, on the other hand,
shows complex phase transitions throughout the p(02) range with kinetically limited
reduction.

v



Chapter 1-Introduction

Chapter 1. Introduction

1.1 FUEL CELLS 3

1.1.1 Historical background 4

1.1.2 Environmental impacts 5

1.2 THERMODYNAMICS AND EFFICIENCY 7

1.2.1 Thermodynamics. 7

1.2.2 Thermodynamic Efficiency 8

1.2.2 Efficiency andFuel Cell Voltage 11

1.3 TYPES OF FUEL CELL 14

1.3.1 Alkaline Fuel Cells 14

1.3.2 Proton Exchange Membrane 17

1.3.3 Phosphoric AcidFuel Cells (PAFC) 20

1.3.4Molten Carbonate Fuel Cells (MCFC) 21

1.4 SOLID OXIDE FUEL CELLS (SOFC) 23

1.4.1 Overview 23

1.4.2 Electrolyte 25

1.4.3 Anode 26

1.4.4 Cathode 28

1.4.5 Interconnect. 29

1.4.6 Design and Stacking 30

1



Chapter 1-Introduction

1.5 CURRENT COLLECTORS 34

1.5.1 General overview 34

1.5.2 Ni/YSZ 35

1.5.3 Niobium basedmaterials as current collectors 35

1.5.4Aims ofresearch 36

1.6 REFERENCES: 37

2



Chapter 1-Introduction

1.1 Fuel Cells

A fuel cell is an energy conversion device which directly converts chemical energy into

electricity and heat by electrochemical conversion of fuel gas. A typical fuel cell consists
of two electrodes around an ion conducting electrolyte (e.g. O2", H+, C032~)(Fig.l.l)

Solid oxide fuel cells work by electrochemical oxidation of hydrocarbon fuels, or H2, to
water and carbon dioxide, releasing energy in the form of electricity and heat. Oxygen

passes over the cathode, and a fuel such as H2, CO or alkanes, is passed over the anode.
The catalyst in the anode splits the hydrogen, which then releases electrons to the external
circuit, thus electrons travel to the cathode to combine with oxygen, creating a direct
current which can be utilised. Depending on the type of electrolyte, either the proton is
conducted to the cathode or the oxide ion is conducted to the anode, where it reacts with

oxygen to form water as the product. For a solid oxide fuel cell the reactions at the
electrodes are:

H2 + O2" H20 +2e-

V2 02 + 2e- O2"
Overall reaction: H2 + Y2 O2 H2O

Excess

Fig. 1.1 Fuel Cell setup
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Chapter 1-Introduction

1.1.1 Historical background

Johann W. Ritter may have been the first person to observe voltage when hydrogen and

oxygen were in galvanic contact with Pt electrodes [1]. Christian Friedrich Schoenbein
was the first to report the "fuel cell effect" in 1839 [2], in which he combined hydrogen
with oxygen and other gases in the presence of platinum. Sir William Grove, however, is

widely credited with the invention of a fuel cell, not due to his first publication, which

reported an observed voltage during the combination of hydrogen and oxygen using

platinum electrodes [3], but with his application of this effect to produce a first working
fuel cell.

Grove put the fuel cell effect to practical use in 1842, when he used dilute sulphuric acid
as the electrolyte and combined hydrogen and oxygen by platinum at room temperature

(Fig. 1.2) [4], This was a demonstration of the fuel cell then referred to as a "gas battery".
He demonstrated that his experiment on the electrolysis ofwater could be reversed, with

electricity as the by-product, which could then be used to decompose water again.

Fig. 1.2 Figure from Grove's publication of 1842[4]

Nernst's discovery of a solid oxide electrolyte in 1899 [5] paved a way for the first

operational SOFC in 1937, tested by Baur and Preis [6] at 1000°C.

A search for more environmentally friendly sources of energy has recently produced a

widening interest in fuel cell technology, increasing research in this field. One of the
first uses was on manned spacecraft, where it produced power and water for the
astronauts. More recently fuel cell research is trying to develop and commercialise fuel
cells for use in applications that range from portable electronics, mobile power sources,

residential energy systems and vehicle propulsion to power plants.
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Chapter 1-Introduction

1.1.2 Euviiuiiiiieiiial impacts

Amongst the most important global problems is that of climate change, which over the
last decade showed significant increase in pace, with continuous reporting of record
rainfalls, droughts, winds etc. Glaciers and polar ice caps are decreasing yearly due to an

increase in average global temperature.

This climate change is commonly attributed to the production of greenhouse gases from
the increasing use of fossil fuels to meet our energy demands. Between 1990 and 1999
the world's total output of primary energy increased by an average annual rate of 0.9%,
and correspondingly the world's production of energy increased to 380 quadrillion Btu
(110 x 1015 Wh) in 1999 [7], Currently about 80% of world energy demand is met by
fossil fuels [«], with a release of 6.144 billion metric tons of carbon equivalent (1 ton

carbon equivalent = 3.667 tons of CO2 gas), an increase of 4.6 % from 1990 [7],
Petroleum and coal usages account for the majority of the CO2 emissions (Fig. 1.3).

World Primary Energy Production Trends (1999)
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Fig. 1.3 Showing worldprimary energy output sources and the corresponding CO2

emissions (Data takenfrom Energy Information Administration (U.S. Department of
Energy [7])
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Chapter 1-Introduction

This increase in energy demand and the corresponding detrimental effects on the
environment have fuelled research into alternative, renewable and environmentally

friendly energy sources, such as solar, wind and wave power.

The non-polluting nature of a fuel cell also makes it an ideal replacement for conventional

power sources. In an ideal fuel cell the fuel source is hydrogen and the oxidant is oxygen
from the air, producing water as the chemical product, which in turn can be recovered and
used. If the source of hydrogen is methane or other lightweight hydrocarbon, CO2
emissions are significantly smaller than those for a conventional combustion system, and

pollutants such as NOx and SOx are undetectable [9], The CO by-product, from

reforming the fuel into hydrogen, can also be utilised as fuel by further oxidation to CO2.
In a high temperature fuel cell co-generation of electricity and heat allows by product heat
to be recovered and utilised, which further increases efficiency, thereby decreasing waste

CO2 and other emissions produced when using natural gas.

Methane contributes least to CO2 emissions because of the high H/C ratio of 4. Using
methane or other lightweight hydrocarbons as fuel source has other advantages besides
that of higher efficiency in the cogeneration cycles. The fuel gas is practically free of

sulphur dioxide, heavy metal traces and halogen compounds after combustion or

reformation.

The main advantage of the fuel cell, however, is its much higher efficiency over the
combustion system. This will be discussed further in the next section. Typically a cell
generates a voltage of around 0.7-0.8 volts per cell, and as the efficiency of a fuel cell is

independent of size, modularity of fuel cells allows fuel cell size to be increased or

decreased to a required power output for the task at hand.
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Chapter 1-Introduction

1.2 Thermodynamics and efficiency

1.2.1 Thermodynamics

In order to determine the electrical power and energy output in the fuel cell, energy

released by the chemical reaction of H2 (or other fuel) with O2 to form H2O must be
calculated. Gibbs free energy is used when dealing with chemical energy liberated, and
can be defined as "maximum amount of non-expansion work that can be extracted from a

system that is undergoing a change at constant temperature and pressure" [10], Non-

expansion work refers to any work that does not arise from the expansion of the system,

and in the fuel cell this is electrical work. The total work of a system, w can be expressed
as :

w - wpexAV

where w' is non-expansion work, i.e. w '(maximum) = AG. Thus when a system can do
no additional work, AG = 0. Gibbs free energy of a system is then expressed in terms of

enthalpy and entropy as:

AG = AH - TAS

Thus at higher temperatures the contribution of entropy change to AG, becomes

significantly more important than the contribution of enthalpy.

When dealing with the energy released in a fuel cell, the Gibbs free energy of formation
is used, AG/. This is because it is the change in energy that is important, thus the change
between the Gibbs free energy of the products and the Gibbs free energy of the reactants

is measured:

AGf— G/proclucts) — G/rcactants)
Where G/is the molar specific Gibbs free energy of formation. In an ordinary hydrogen
fuel cell operating at standard temperature and pressure (25°C, 0. IMpa), the Gibbs free

energy of formation of the input reactants is zero because both hydrogen and oxygen are

elements in their standard states.
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Chapter 1-Introduction

In the hydrogen/oxygen fuel cell, the reaction is:
H2 + V2O2 "» H20

AG/= (G/)h20 - (G/)h2 - '/2(G/)o2
In a reversible system, all Gibbs free energy is converted into electrical energy, thus the
electrical work done will be equal to the Gibbs free energy released AG/

Electrical work done - charge x voltage = -nFE (J)

AG/= -nFE
Where n is the number of electrons transferred for each molecule of fuel, and E is the

voltage of the fuel cell, giving the EMF (also known as the reversible open circuit

voltage) of the hydrogen fuel cell as:
AGf

E = f-
2F

1.2.2 Thermodynamic Efficiency

One of the main attractions of fuel cells is the high fuel-electricity conversion efficiency.
A conventional system of converting fuel to thermal energy, then to mechanical energy
and eventually to electrical energy is subject to the Carnot limitation in its efficiency,
where the efficiency r\ of a system operated between high and low - temperatures (Th and

Ti respectively (in K)) is given by:
r - T1h 1i

TJ =
Th

T
i.e. 77 = 1—-

Th

Th is the maximum temperature of the high temperature heat reservoir and Ti is the

temperature of the low temperature heat reservoir. High efficiency is obtained when Th is

very high and Ti is very low. In a combustion system the practical limit is determined by
limits placed on Th, in the form of material stability at high temperatures and limits placed
on Ti, that of a room temperature. A fuel cell is not subject to Carnot limitation, as

electrical energy is obtained directly from the chemical reaction.
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Chapter 1-Introduction

When talking about the efficiency of fuel cells, a change in "enthalpy of formation", AHf,
is important. This is the comparison of electrical energy produced with the heat that
would be produced by burning the fuel. Thus the efficiency of a fuel cell is defined as:

Electrical energy produced per mole of fuel

-AHf
The negative value of AHf indicates that energy is released. The maximum

thermodynamic efficiency possible in the fuel cell is equal to the change in Gibbs free

energy:

AGf
eT = — xl00%r

AH
f

The values of AG/and A///change with temperature and state (liquid or gas), thus for the

"burning" of hydrogen:

H2 +I/2O2 "> H20 (steam) AHf= -241.83 kJmof1
H2 +1/202 H20 (liquid) AHf= -285.84 kJmol"1

The difference of 44.01 kJmof1 is the molar enthalpy of vaporisation of water (or latent
heat of evaporation), and the higher value is referred to as the higher heating value

(HHV), and the lower as the lower heating value (LHV).

(Fig. 1.4) shows how the electrical efficiency values vary with temperature and how they

compare with the Carnot limitation. From the graph it can be seen that fuel cells do not

always have higher efficiencies than heat engines, and although the efficiency of the fuel
cell is seen to drop with increasing temperature, it will be explained later that voltage
losses are much less at higher temperatures, hence fuel cell voltages under load are higher
at higher temperatures. In addition SOFC can increase the efficiency even further by

fully utilising by-product heat. As shown in Fig. 1.4, the maximum theoretical efficiency
of a fuel system, which directly oxidises hydrogen, is 83% at room temperature [11], In

practice however due to the high irreversibility characteristic of an oxygen electrode this
is reduced to 68%.

9



Chapter 1-Introduction

Carnot Limit

Fuel Cell, steam
water product

Comparison of maximum H2 fuel cell efficiency with
Camot limit, where T| is 50°C

! , 1 1 1

200 400 600 800 1000

Temperature (°C)

Fuel Cell, liquid

Fig. 1.4 [12]. Comparison ofmaximum H?fuel cell efficiency, usingHHVofAHf, with
Carnot limit, where exhaust temperature is 50°C.

The efficiency change with temperature does not follow the same path when using
alternative fuels to H2. For example, when using CO as fuel:

CO + '/202-» C02

AG/ changes more quickly with temperature, where the maximum efficiency of 82 % at

100°C falls to 52% at 1000°C. When using CH4:
CH4 + 2O2 -» C02 + 2H20

AG/ is relatively constant with temperature, and the maximum possible efficiency shows
little change due to the much larger enthalpy of combustion, AH, of -SOO^kJmol"1.
Hence the TAS term, although larger in magnitude than for the formation of water, does
not reduce the Gibbs free energy of formation significantly.

10



Chapter 1-Introduction

1.2.3 Efficiency and Fuel Cell Voltage

The operating voltage of the fuel cell is related to its efficiency, and if all the energy from
the enthalpy of formation were transformed into electrical energy, the EMF of the cell
would be given by:

AH,
E = f-

nF

Using the HHV for hydrogen, this would be 1.48 V, or 1.25 V when using the LHV
value. These are voltages for a 100% efficient system, thus the actual efficiency of the
cell is the actual voltage divided by these values:

Cell efficiency =—2—100% (ref. HHV)

Fuel usage also has to be taken into account when talking about fuel cell efficiencies, as

not all the fuel input into the system is used. A fuel utilisation coefficient is thus defined
as:

mass of fuel reacted
Hf =

mass of fuel input

Thus the fuel cell efficiency in terms of voltage output and fuel used is given as:

n - Uf ——-100%f 1.48

However, the pressure and the concentration of reactants affect the Gibbs free energy and
in turn the voltage. For a general reaction:

aA + bB -> cC

where a, b and c are the moles of A, B and C reactants and products respectively. Both
the reactants and the products have "activity", a, associated with them, which describes
the deviation from ideal behaviour. For ideal gases, activity is given by:

a = P/P°

where P is the pressure of the gas, and P° is the standard pressure, 0.1 Mpa. Thus activity
is proportional to partial pressure, and in the case of solutions it is proportional to the

molarity of the solution. The activity modifies the Gibbs free energy change of a reaction
as:

11



Chapter 1-Introduction

AG, AG°f -RT\n a
a,
.b \

a,c y

Where AG/0 is the change in molar Gibbs free energy of formation at standard pressure.

Thus for a hydrogen fuel cell reaction:
H2+1/202 ^H2O

the equation becomes: AG, AG°f -RT\n
a,

1/2

aH,

aH-,02U /

AG/ becomes more negative when the activity of the reactants is increased, and less
negative when the activity of the products is increased, releasing less energy. Voltage is
related to AG/by the Nernst equation:

AG°f RTln
2F + 2F

a,
1/2

aH,
aH,02 y

■ E° +
RT In

2F

a,
1/2 V

a
Hn.

aHiO2U /

Where E° is the EMF at standard pressure. Thus raising the activity of reactants increases
the cell voltage. This equation is also useful in predicting EMF throughout the cell. As
air and fuel pass through the fuel cell, they are used up in a reaction, and the proportion of
reactants to products decreases. Thus from the above equation the EMF of the cell will
also fall, and will be worst near the fuel outlet where the concentration of the reactants is

lowest.

Although the theoretical value of the open circuit voltage of a hydrogen fuel cell is given

by:

AG,
E =—

2F

in practice the fuel cells have much lower voltages than the expected value. For example,
for a cell operating below 100°C, the predicted value is 1.2V, but a typical fuel cell

generates about 0.7 - 0.8 V per cell.

12



Chapter 1-Introduction

The difference between the voltage expected from a fuel cell operating ideally, i.e.

reversibly, and the actual voltage is due to irreversibilities present in the fuel cell. There
are four major irreversibilities:

1. Activation losses - caused by the speed of the reaction taking place on the surface of
the electrodes, in which some voltage is always lost in driving the reaction that
transfers the electrons to or from the electrode.

2. Fuel crossover and internal currents - energy loss caused by the waste of fuel passing

through the electrolyte, and electron conduction through the electrolyte.
3. Ohmic losses - Voltage drop due to the resistance to the flow of the electrons through

the material. The voltage drop is proportional to the current density.
4. Mass transport or concentration losses - caused by the change in concentration of the

reactants at the surface of the electrodes as fuel is gradually used up.

For higher temperature fuel cells the reversible voltage is lower, but operating voltage
under load is generally higher due to smaller irreversibilities, i.e. smaller voltage drop at

high temperature.

13



Chapter 1-Introduction

1.3 Types of Fuel cell

There are a number of different types of fuel cell, depending on the nature of the

electrolyte used, which in turn dictates the operating temperatures of these fuel cells and
the type of ion conduction that occurs. Operating temperature determines the potential
uses of each type of fuel cell. Low operating temperature fuel cells have potential

application in transport as they do not require high heat for operation and thus have a very

short start up period of a few minutes. High operating temperature fuel cells are better for

stationary applications, such as power generation. Also, at high temperatures methane
can be used as fuel, rather than H2, thus steam reforming to H2 and CO is necessary

before use. In the SOFC this can be done at the anode using the steam produced by the
fuel cell.

1.3.1 Alkaline Fuel Cells

The alkaline electrolyte fuel cell has an overall reaction that is the same as the one

described as the typical fuel cell reaction, but the reaction at each electrode differs, with
the mobile ions being the hydroxyl (OH ). At the anode the reaction is:

2H2 + 40H" -A 4H20 + 4e"

Electrons then pass around the external circuit to the cathode:

02 + 4e" +2H20 40H"

There are a number of different types of alkaline electrolyte fuel cell design:

• Mobile Electrolyte - in which the KOH solution is pumped around the fuel cell,

hydrogen is supplied to the anode, producing water. Air is used rather than oxygen,

which causes problems to the fuel cell operation in that carbon dioxide from the air
reacts with potassium hydroxide electrolyte:

2KOH + C02 K2CO3 + H20

14



Chapter 1-Introduction

This reaction changes KOH to K2CO3 thus reducing the concentration of OH- ions,
and increasing CO32" ions, reducing the fuel cell performance. A way of dealing with
this problem is to remove as much CO2 from the air as possible using a CO2 scrubber
in the cathode air supply system.

The disadvantage of this system is that the mobile electrolyte is corrosive, and
circulation of the electrolyte means that extra equipment is needed, such as a pump to

move the fluid and extra external pipework, increasing the possibility for leaks. The

advantages of this system, however, outweigh its problems. Amongst these, the

circulating electrolyte acts as a cooling system for the fuel cell and it is easy to replace
with a fresh electrolyte solution. Also the continuous stirring of the electrolyte avoids
the problem of solidification of the electrolyte at the cathode due to double the rate of
water production at the anode to its consumption at the cathode.

• Static Electrolyte - where each cell in the stack has its own electrolyte, which is held
in the matrix material (usually asbestos), between the electrodes. Although asbestos
has excellent porosity, strength and corrosion resistance there are associated safety

problems with this material, and as such these fuel cells are not viable for domestic
use.

The advantage of this system over the mobile electrolyte system, is that the electrolyte
does not need to be pumped around, thus reducing the cost of additional equipment
and maintenance. As the problem of electrolyte contamination with CO2 is still there,
the renewal of electrolyte is not as easy as for the mobile electrolyte system, in that the
matrix of the entire cell has to be rebuilt.

Traditionally nickel electrodes were used in the AJK(J, made porous by sintering powdered
nickel. The nickel electrodes were made in two layers by using two sizes of nickel

powder in order to get a good three-phase contact between the liquid electrolyte, the gas

and the solid electrode. These electrodes, however, were improved upon with the use of

Raney metals. The procedure involves the mixing of two metals, the active metal such as

15



Chapter 1-Introduction

nickel for the anode and silver for the cathode, with an inactive one, such as aluminium.

When the metals are mixed the distinct regions of aluminium and host metals are

maintained, so that when the mixture is treated with strong alkali, aluminium is dissolved,

leaving the porous material with very high surface area for use in the electrodes. This
method gives an additional advantage over the sintering of nickel powder in that varying
the degree ofmixing of the two metals can control the pore size and density.

Modern electrodes, however, use carbon supported catalysts mixed with PTFE and rolled
out onto a conducting material, such as nickel mesh. The role of PTFE has a two-fold
function; firstly to act as a binder, and secondly being hydrophobic it stops the electrode
from flooding, providing a controlled permeation of the electrode by the liquid

electrolyte. Carbon fibre can also be added to increase strength, conductivity and

roughness of the electrodes.

As was shown earlier, the open circuit voltage of the fuel cell increases with pressure,

thus for a best efficiency AFC are operated at above standard temperature and pressure.

Additionally an increase in pressure and/or temperature increases the exchange current

density, which in turn reduces the activation overvoltage at the cathode.

Research activity in the AFC is low at the moment, due to limited terrestrial applications
of alkali fuel cells. This is due to the reaction of CO2 with the electrolyte, which degrades
the performance of the fuel cell. The problem is worse if hydrocarbons and/or air (due to

the presence of CO2 in air) are used as fuel sources. Thus so far their main application
has been in space missions, e.g. Apollo and Orbiter missions, where pure hydrogen and

oxygen were used as fuel; this is Bacon's cell and was essential to Apollo's success.
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Chapter 1 -Introduction

1.3.2 Proton Exchange Membrane

In PEM fuel cells the electrolyte is an ion conducting sulphonated fluoropolymer, usually

fluoroethylene. The mobile ion is EC, which means that water is produced at the cathode
side rather than the anode as in AFC and SOFC:

H2 -> 2H+ + 2e~ (anode)

V2O2 + 2H+ + 2e" -^H20 (cathode)
There are a number of advantages of PEMFC, one of which is compact construction due
to a very thin (~50pm) one-item membrane electrode assemblies. As well as being gas-

tight, polymer membranes reduce ohmic losses in the electrolyte, by being very thin.
PEMFCs work at low temperature, which allows a fast start up period. There are also no

corrosive liquids nor problems associated with them. These advantages mean that
PEMFC are suitable for vehicles and portable applications, as well as CHP (Combined
Fleat and Power) systems.

The electrolyte is made by the substitution of hydrogen in the polymer, such as

polyethylene by fluorine, in the process known as perfluorination, to give the final

polymer as polytetrafluoroethylene (PTFE). Addition of fluorine serves two purposes:

1. Fluoropolymers are resistant to chemical attack, mechanically strong and durable
due to strong carbon-fluorine bonds, thus thin films down to 50pm can be made.

2. They are strongly hydrophobic, driving the by-product water out of the electrode.
The PTFE is then sulphonated, to produce a sulphonic acid, HSO3, side chain. In the

presence of water, this side chain dissociates into SO3" and H ionomer. The strong

attraction between the ions results in the clustering of these regions in the material. These

hydrophilic regions absorb large quantities of water (Fig. 1.5), thus increasing the weight
of the material by up to 50%. The dissociation of SO3H into SO3" and EC produces
mobile H+ ions, hence a dilute acid region. A large number of hydrated region in the
material allow FT ions to move freely and quickly through this material, thus making it a

good proton conductor.
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Fig. 1.5 Showing the structure ofa sulphonatedfluoroethylene (a), and the restdtant
structure (b) containing hydrated regions (blue) around the sulphonated side chains.

The catalyst at both the anode and the cathode is platinum, fine particles of which are

supported on the larger particles of carbon, giving a highly divided and large Pt surface
area for contact with the reactants.

PEMFC has problems, however, associated with construction and maintenance. The
main problem is that of water management. A correct balance of water content in the
electrode is needed. There must be enough water for good proton conductivity, but not
too much water, as the electrodes next to the electrolyte will flood and block the pores for

gas diffusion. Relative dehydration of the membrane occurs over time, thus complicated

cooling and transpiration systems have to be used. CO in this system is a catalyst poison
and thus cannot be used as fuel or be present in reformed hydrocarbon fuels.

h
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Electro-osmotic drag is the main feature that causes water balance problems. This is
caused by the pull of water molecules by EC ions moving from the anode to the cathode.
Between 1 and 2.5 water molecules are dragged by a proton [13], thus the anode side of
the fuel cell can become dehydrated, a problem made more pronounced at high current

densities.

Another problem is the drying of the electrodes by flowing gas, especially air at

temperatures of over 60°C, faster than the water is produced by the reaction. Addition of
water to gas solves the problem, and improves the performance ofPEMFC.

When designing large cells and stacks for various applications there is also a problem of

homogeneous distribution of water in the electrolyte thoughout the cell, i.e. one part of
the cell cannot become too dry or too flooded relative to another.

These problems can be dealt with, as water movements are predictable and hence
controllable. For example, water production and electro-osmotic drag are directly

proportional to the current:

Pe
Water production = mol/s

2-Vc-F

Where Pe is the electrical output power:

Pe = VC-I/7

Vc is the mean voltage of each cell in the stack, I is the current, n is the number of cells in
the stack. Water evaporation can also be predicted from:

Rate of Evaporation oc (psat - Pw)
Where Pw is the partial pressure ofwater, and Psat is the saturated vapour pressure. When
air is fully humidified, Pw = Psat, and the air has no drying effect. Also the back diffusion
of water from cathode to the anode depends on the thickness of the electrolyte, and
relative humidity of each side:

Relative humidity, (f> =
P.ViV/
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1.3.3 Phosphoric Acid Fuel Cells (PAFC)

PAFCs operate at temperatures up to 220°C, thus they require noble metal catalysts at the
electrodes, of which Pt is used. As such they suffer from a similar problem to AFC, that
ofCO poisoning. However, they can tolerate up to 2% of CO in the air stream [8], which
is much higher than AFC. Even so, PAFC require complex fuel processing systems,

which adds to the cost of construction and maintenance.

Overall the reaction in the PAFC is the same as that in the PEM. The electrolyte is proton

conducting, concentrated phosphoric acid, and the electrodes are dispersed Pt

electrocatalyst particles supported on carbon black. The electrolyte is contained within
the silicon carbide matrix.

There are a number of advantages ofusing phosphoric acid as an electrolyte, such as good

thermal, chemical, electrochemical stability, and low volatility at 200°C. It also has high
tolerance to CO2 in the fuel gases.

Disadvantages include the loss of acid electrolyte with time, thus the need for constant

replenishment of the electrolyte during operation, and the decay of electrolyte

performance with time, due to sintering of Pt particles and the obstruction of gases

through the porous structure caused by electrolyte flooding. The Pt catalyst at the anode
side is subject to CO and sulphur poisoning, in the form of H2S. These are present in the
fuel gas, and in turn reduce the performance and lifetime of the fuel cell.
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1.3.4 Molten Carbonate Fuel Cells (MCFC)

The molten carbonate fuel cell is a high temperature fuel cell, operating at about 600°-
700°C. The electrolyte is typically a molten mixture of 62Li2CC>3 - 38K2CO3 or

52Li2CC>3 - 48Na2CC>3 held in a ceramic matrix of LiA102. The conducting ion is CO32"
giving the following reactions at the anode and the cathode:

2H2 + 2C032" 2H20 + 2C02 + 4e" (anode)

O2 + 2CO2 +4e" -> 2CO32" (cathode)
2H2 + 02 + 2C02 -> 2H20 + 2C02 (overall)

In contrast to other fuel cells such as the AFC and PEMFC, CO2 needs to be supplied to

the cathode along with oxygen. CO2 is then recycled externally from the anode to the

cathode, requiring additional fuel cell components.

The advantage ofMCFC is the cost reduction in that noble metals are not required for the

electrodes, where Ni and NiO are used in the anode and the cathode respectively.

Additionally the high operating temperature means that CO and hydrocarbon fuels can be
reformed internally cutting down on the cost of expensive external reformers. Higher

operating temperature also means that higher overall system efficiencies are achieved. It
was found that when using the traditional methods of constructing components, by hot

pressing process into tiles, the electrolyte accounted for 70% of the ohmic losses [14], and
the losses were dependent on the thickness of the electrolyte, t (in cm):

AV = 0.533*

Thus by reducing electrolyte thickness using tape casting methods, ohmic loses are

reduced and the efficiency of the MCFC is increased. However there is a trade off
between low resistance and long term stability obtained in thicker materials, especially at

high temperatures.

21



Chapter 1-Introduction

There are also disadvantages associated with using high operating temperature fuel cells
in the form of high demands being placed on the life time of cell components and
corrosion stability, especially with the use of very corrosive molten carbonate electrolyte.
The major problem occurs at the NiO cathode. NiO has a small solubility in molten
carbonates:

NiO + C02 -*NiC03 -» Ni2+ + C032"
Ni ions are formed in the electrolyte through dissolution, which then diffuse towards the

• 9+ • • •

anode. The presence of hydrogen reduces Ni and Ni metal precipitates out. Ni metal
can then go on to cause an internal short circuit with a resultant loss of power. Nickel
dissolution becomes worse with increasing CO2 partial pressures. To reduce this problem
several methods are employed:
1. More basic carbonates are used rather than the more acidic ones, where acidity

increases going form Li2C03 < Na2C03 < K.2C03. The lowest dissolution rates were

found for the currently used mixtures of 62Li2C03 - 38K2C03 and 52Li2C03 -

48Na2C03.

2. Keeping CO2 partial pressure at the cathode low, and operating at atmospheric

pressures

3. Using a relatively thick electrolyte matrix to increase the Ni2+ diffusion path.

At the moment MCFCs are being earnestly developed in USA, Europe and Asia by many

companies, some of which are Fuel Cell Energy (U S), MTU Friedrichshafen (Germany),
and Hitachi and Mitsubishi Electric Corporation (Japan).

The uses will be mainly CHP cogeneration systems for commercial and domestic power

production. These will have negligible SOx and NOx emissions, and better efficiencies of
50-55% (LHV), than conventional power sources. With low noise levels of 65dbA,
MCFC is also seen as a better alternative to competing technologies such as engine and
turbine-based power generation systems.

22



Chapter 1-Introduction

1.4 Solid Oxide Fuel Cells (SOFC)

1.4.1 Overview

SOFCs are different from other fuel cells in that they are completely solid-state devices,
with a ceramic oxide ion or proton conducting electrolyte. As only two phases are

present, gas and solid, they are much simpler in design than other fuel cell systems. The
reactions at the cathode and the anode, of an oxide ion conducting electrolyte, are similar
to other fuel cells:

2H2 + 202' 2H20 + 4e" (Anode)

02 + 4e" 202" (Cathode)
2H2 + 02 -> 2H20 (Overall)

CO and other light hydrocarbons can also be used as fuel, with the same reactions at the
anode and the cathode in addition to the elimination ofC02 at the anode. A basic SOFC

design and operating principle is shown in (Fig. 1.6) below. H2, however, can be
circulated on the outside with the consequent possibility of using Ni metal as

interconnect; a design preferred by companies such as Siemens Westinghouse Power

Corporation.
Air - Circulates around outside of fuel cell tube

Load

4e-
(La,Sr)MnOs

201" YSZ

Ni/Zr02 cermet

Steam
Hp

T

H2 1 73
a r

& & i
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Fig. 1.6 A schematic diagram ofa basic SOFC design and operatingprinciple.

SOFCs have an advantage over other types of fuel cells in stationary applications, such as

large-scale power generation in power plants, because they do not require the use of
precious metals or corrosive liquids, hence low maintenance cost, a longer lifetime and

simpler design with no electrolyte management issues that are present in other fuel cell
types.
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With a solid ceramic electrolyte it can operate at high temperatures, 850-1000°C, which
has two main advantages. One is the high operation temperature allowing internal fuel

reforming:
C„H2n+2+nH20^ n(CO) + 2n+l(H2)

Second is that the heat generated can be recovered and utilised in a combined heat and

power mode (CHP), hence providing efficiencies of over 70%; 10% higher than present

day technology [15],

There is no C02 recycling like in MCFC, and no need to remove C02 from the gas stream

like in the AFC, thus gas management is much simpler and cheaper.

Additionally, there are no moving parts in a SOFC which means low maintenance cost

and a long running lifetime with low noise levels. Solid components allow compact

lightweight structures, and modularity means that fuels cell can be easily scaled up or

down with stacking and interconnecting to task at hand.

The state of the art SOFC electrolyte is Yttria-stabilised Zirconia (YSZ), with

(La,Sr)Mn03 cathodes and Ni/YSZ cermets as the anode. At high temperatures, which
are needed for adequate ionic conduction of the YSZ electrolyte, a number of problems
arise:

• Stability of metals diminishes.
• Ni sinters on prolonged operation, reducing the efficiency of the fuel cell.
• Large temperature gradients are created over the anode because the reforming

reaction of methane in the presence of steam into H2 and CO is endothermic,
whereas the cell reaction is exothermic; this causes cracks that damage the cell.

• Carbon deposition at the anode causes further problems with the life expectancy

of the fuel cell reduced by coking of the nickel metal, blocking the reaction sites.
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New anode materials are being searched for in order to address these problems, and
attention is focused mainly on transition metal oxides. The advantage of metal oxides
over metals is that they are less likely to promote coking and to suffer from sulphur

poisoning. Ceramic materials can also be individually designed to improve on a

particular task at hand, such as matching thermal expansion coefficients of all cell

components, improving ionic and electronic conductivity of materials, and designing
materials with greater stability at high operation temperatures.

1.4.2 Electrolyte

The most important type of ion conducting electrolyte is the oxide ion conductor in

SOFCs, in which water is eliminated at the anode. In the solid proton fuel cells (SPFC)
the electrolyte is the proton conductor and water is eliminated at the cathode.

The electrolyte must be a fully dense material in order to prevent gas cross leakage.

Currently, the preferred electrolyte is zirconia doped with 8-10 mole % yttria (YSZ).
ZrC>2 is chemically very stable both to the reducing and the oxidising environments
encountered at high operating temperatures. Although pure ZrC>2 has low ionic

conductivity, YSZ has high oxide ion conductivity at the operating temperatures. This is
due to the replacement of Zr41 by Y3+ in the fluorite crystal structure and the creation of

oxygen vacancies at the tetrahedral sites in the lattice:

Zr02
Y203 ► 2Y'Zr + V0" + 300x

The oxide ion then moves through vacancies, giving a high ionic conductivity of
0.02Scm"1 at 800°C.

There are other oxide ion conducting electrolytes being researched. One of the most

promising is gadolinium doped ceria, Ce(Gd)02-x [16,17,18,19], for example,
• 2

Ceo.9Gdo.1O1.95. This material achieves good power densities in excess of lOOmW/cm at

lower temperatures of 650°C [19], and is thus suited for the intermediate temperature

SOFC.
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Other promising materials have shown higher oxide ion conductivity at temperatures

lower than those required by zirconia. The most promising of which is the perovskite
series La(Sr)Ga(Mg)C>3-5 originally researched by Ishihara et al. [20], but recently by
other groups[21,22]. This material showed an OCV of>1V, and ionic conductivity in the

range ofO.lScm"1 at 800°C [22],

The most widely studied proton conducting electrolytes are perovskite solid solutions
based on BaCeC>3 and SrCeC>3 [23,24], such as BaCeo.9Gdo.1O2.95 which shows protonic

conductivity of 2xl0"3 Scm"1 at 900°C [25],

1.4.3 Anode

The anode provides the site for the electrochemical oxidation of the fuel. As such the
materials for the anode must satisfy certain requirements, such as high electronic

conductivity, adequate porosity (20-40%) to allow gas transport to and from the reaction

sites, and sufficient catalytic activity for the oxidation of fuel.

The preferred choice of anode at this time is still a cermet made of metallic Ni dispersed
on a YSZ support. Nickel is preferred mainly due to its low cost and the purpose of YSZ
is to inhibit the sintering of Ni particles, and to give the thermal expansion coefficient
similar to that of the electrolyte, of 12.5 x 10"6 K"1. YSZ provides an extension of the
three phase boundary through ionic conduction. The electronic conductivity and catalytic

activity are provided by nickel. The problem with this system, however, is that at high
operating temperatures and in long-term operation nickel particles sinter, as it is

thermodynamically driven to decrease free energy present in high surface area solids, and
thus reduces the catalytic activity of the anode. The rate of sintering is driven by several

factors, such as nickel particle size distribution and nickel content in the anode
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The disadvantage ofusing a Ni/YSZ anode is that Ni/YSZ has a higher thermal expansion
coefficient than YSZ and other cell components. This can result in large stresses, causing

cracking or delamination during fabrication and operation. Thermal expansion increases
with Ni content, and at 20% volume NiO the thermal expansion of the anode is >1 lxlO"6
K"1 [26], Some methods are employed to minimise the thermal expansion mismatch, such
as improving the fracture toughness of the electrolyte by means of additives, and varying
the thickness and thickness ratio of cell components to increase tolerance to thermal

expansion mismatch.

There is a lot of research at the moment into mixed conducting anodes, which are

materials that show both ionic and electronic conductivities. The advantage of mixed
conductors is the active region between reactant-anode-electrolyte is extended from the
three-phase boundary (Fig. 1.7) to a two-phase boundary, and thus significantly reduces
polarisation losses by increasing the active electrode area.

h,

h2o

Three phase
boundary

Pure electronic
conductor

t/
°- H►O2' \

e

Electrolyte j

-> H,0

conductor

a

Fig. 1.7 Three and two phase boundary regions ofdifferent SOFC anode materials, (a)
Pure electronically conducting cermet and (b) mixed ionic/electronic conducting cermet.
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Examples of materials under investigation are ZrC>2 - Y2O3 - Ti02 systems, due to the

compatibility with the YSZ electrolyte [27], and CeC>2 based materials [28], which exhibit
mixed conduction in the reducing environment. Doped CeC>2 can be used as anode

support material, replacing ZrC>2, as it has shown an improved catalytic activity at

reduced temperatures [29],

1.4.4 Cathode

The cathode is the site of the electrochemical reduction of the oxidant, and as such some

of the material properties need to be similar to those of the anode, i.e. good electronic and
ionic conductivity, good porosity to allow the gas transport and sufficient catalytic

activity for the reduction of the fuel gases.

The preferred cathode at the moment is doped (mainly with Sr) LaMnCh, which is a p-

type semiconductor. It is still widely researched due to several factors, such as high
electrical conductivity of 0.1 Scm"1 at 700°C, good compatibility with YSZ electrolyte
and a matching thermal expansion, of 11.2x10"6 K"1, with other cell components. Doping
with materials such as Ba, Ca and Sr on the A site has been used to modify its properties
for different SOFC applications. Ti, Cu, Pb, Mg, Ni, Co, Cr, K, Na and Y have also been
tried as dopants. SrO and CaO dopants enhance the electronic conductivity, to above 200
Scm"1 at 1000°C [30], SrO doping also increases the thermal expansion coefficient and
the increase is proportional to the Sr content [31], Substituting La with smaller cations,

e.g. Ca or Y, lowers the thermal expansion coefficient ofLaMn03 [32],

Another material being widely researched is LaCo03, which is similar in structure and

properties to LaMn03. Doped with Ca and Sr it shows high y-type conductivity, of up to

1200 Scm"1 for Lao.8Cao.2Co03-s at 1000°C [33], Thermal expansion of LaCoCE is 22-24
xlO"6 K"1 [34], which like LaMnC>3 can be modified by Sr, Ca and other cations. The

problem with this material, however, is that even with doping the TEC is significantly

higher than that of the YSZ electrolyte, and it has high reactivity with other fuel cell

components.
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1.4.5 Interconnect

The interconnect is used to connect the anode of one fuel cell to the cathode of the

neighbouring fuel cell. As such it has several requirements that must be satisfied to fulfil
its task. It must exhibit high electronic conductivity in order to conduct electrons
between adjacent cells and it must be a fully dense material in order to prevent gas cross

leakage between the electrodes. There must also be low ionic conductivity or catalytic

properties so that no internal currents are observed between the electrodes.

The preferred material for use as interconnect has been doped LaCrC>3. LaCrCb has
suitable electronic p-type conductivity of 1 Scm"1 at 1000°C and good compatibility with
other cell components. Conductivity can be increased by doping with Ca, Sr and other
cations. Doping with 10% CaO has increased the conductivity of LaCrCh to 20 Scm"1
[35],

The problems with lanthanum chromites is the difficulty in sintering to high densities,

requiring firing temperatures of >1600°C and low oxygen partial pressures, and

expansion on reducing side creating thermal expansion gradients. This is because
chromium oxide has a high vapour pressure and under oxidising atmosphere a layer of
Cr203 is formed from CrC>3 gases during the first stage of sintering:

2LaCr03(S) + 3/202(g) La203(s) + 2Cr03(g)

2Cr03(g) -> Cr203(S) + 3/202(g)

Thus several approaches have been used to enhance the sinterability, such as the use of

highly reactive powders, nonstoichiometric materials, dopants and sintering aids such as

the addition of a second phase with significantly lower melting point.
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1.4.6 Design and Stacking

One of the advantages of fuel cells mentioned earlier is the modularity, which allows fuel
cells to be stacked according to the requirements of the task in hand. Thus individual fuel
cell units are connected via the interconnect, to form larger stacks. The power generated

by a single stack is related to the number and area of individual cells, and the current

produced is directly proportional to cell area. Thus the design of the fuel cell and the
resultant stack is an important part of the fuel cell system and currently there are 5

possible fuel cell designs: sealless tubular, monolithic, segmented-cell-in-series, planar
and more recently the SOFCoRoll design [36] (Fig. 1.8), in which the tape cast fuel cell

components are rolled into shape with the gas diffusion layers between the sheets, and
cofired together.

Anode

Electrolyte

Fig. 1.8 SOFCoRoll design[36].

Currently, the sealless tubular design is the most advanced of all due to the many

advantages with this design (Fig. 1.9(a)). The main advantage is that this design has no

need for gas seals, thus the problem with designing gas tight seals at high temperature is
eliminated (Fig. 1.9(b)). As each cell is formed on a thick support this design provides a

robust ceramic structure for the fuel cell. Also, as the connections are possible in both the
series and parallel, additional protection is added to the whole stack if a single cell fails.
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The disadvantage of this cell design, however, is the long current path in the electrodes,
which results in higher cell resistance and hence larger resistive losses. The support tube
restricts the gas diffusion to the cathode/electrolyte interface, and may become the rate-

limiting step in the reaction, thus providing a limiting current for the cell and causing a

reduction in the cell performance.
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Fig. 1.9 (a) Sealless tubular design, (b) Stacking arrangement in sealless tubular design

fuel cell[3 7].
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Fig. 1.10 Flat-plate SOFC design [37].
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1.5 Current collectors

1.5.1 General overview

Current collectors carry the current generated by the cell reaction. After the oxidation of
fuel takes place at the anode the current generated must be carried out of the electrode by
a current collector. In the cathode the current collector carries the electrons to the

electrode/electrolyte interface, in order to allow the reduction of the fuel. Thus a material
in question must fulfil a number of requirements to establish its suitability as the current

collector. The main requirements are high electronic conductivity of 10-1000 Scm"1
(30%Ni/YSZ=500Scm"1), in the reducing (anode) and oxidising (cathode) environments
at operating temperature, and thermomechanical and chemical compatibility with other
fuel cell components. There must also be sufficient porosity to allow gas transport to and
from the reaction sites.

There are many different current collectors, ranging from carbon black paper which

supports carbon black particles with Pt electrodes in the PAFC and PEMFC, to Raney
metals which also serve as electrodes in AFC. In MCFC the bipolar plates are made from
thin sheets of stainless steel, and the anode side is coated by nickel, due to its stability in
the reducing environment.

The interconnect in many SOFC designs currently serves as a current collector as well as
the gas separator between the anode of one cell and the cathode of the another. The
material used is doped LaCrCE which has adequate electronic conductivity as mentioned
in section 1.4.5. The advantage of using ceramic current collecting materials is that they
allow greater chemical and thermomechanical compatibility between the fuel cell

components. Steel and other chromium alloys have also been used as current collectors
in the flat-plate design. The advantage of metallic interconnects is the improved
mechanical properties and lower costs, however, they do suffer from long term instability
and under fuel cell operating conditions are prone to oxidation and corrosion.
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There are other types of current collectors, which fall in to two main types, the paste and
the mesh. Paste has the advantage that it can easily be coated onto the electrode and the
contact area between the electrode and the electrolyte can be determined with a high

degree of accuracy. However, current collectors in mesh form mimic the interconnect
material in planar SOFC designs. Metals, such as Ni, Pt and Au have been studied as

current collectors [38],

1.5.2 Ni/YSZ

As already mentioned, the state of the art anode/current collector is the 30%Ni/8YSZ. It

has, however, problems associated with it:
• sintering over prolonged operation at high temperatures

• poor redox stability
• suffers form carbon deposition
• Ni is toxic

Thus when designing current collectors a number of factors have to be kept in mind. On
the anode side, the current collector must operate in the reducing conditions at 700 -

900°C, thus stability at manufacturing and operating conditions, as well as compatibility
with other fuel cell parts are essential when looking for suitable materials.

1.5.3 Niobium based materials as current collectors

Niobium based materials tend to show good electronic conductivity in reducing
conditions. This conductivity is due to the reduction of the insulating Nb(V) to a

semiconducting Nb (IV), with good electronic conductivity. The polymorph designated

H-Nb2C>5 itself has a very low conductivity of c = BxlO^Scm"1. When it is reduced to

Nb02, its electronic conductivity increases to o = 100 - 200 Scm"1 at 1000°C. Variation
in literature-reported conductivity may be due to the variability of the grain boundary
contribution to electronic conductivity.
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Due to their high electronic conductivity, niobia based rutile materials make promising
candidates for full or partial replacement ofNi in Ni/YSZ anode of SOFC.

1.5.4 Aims of research

The aims of my research are to investigate a range of Niobium based materials and their

suitability for use in the SOFC anode as a full or partial replacement for nickel.

Several structures will be examined, starting with M^TiOy, which is known to reduce to a

highly conducting rutile phase, Nb1.33Tio.67O4 [39], The aim is to dope this material in
order to enhance its thermomechanical and electrochemical compatibility with other fuel
cell components. Stability with other anode materials will be examined by making

composites with a known good ionic conductor, Ce(Gd)02-x, and in this way evaluate this
material's potential as a current collector in the SOFC anode.

Other rutile materials of the composition Tii.xCrxNbx02 will be investigated and their
electronic conductivity and thermal expansion will be compared to Nb1.33Tio.67O4.

Other materials to be investigated are strontium niobates: S^M^Og and SryNbyOy, and
MNb206 where M=Sr, Cr, Ba.
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2.1 Solid state synthesis

Properties of ceramic materials, such as conductivity, thermal expansion coefficient
and colour, depend to some degree on their microstructure. Microstructure in turn is
determined by the synthesis technique variables, such as starting particle size,

heating/cooling rates, impurities, and synthesis temperature. There are a number of

possible solid state techniques for sample preparation and each is adopted depending
on the type of product desired, which can be anyone of the following:

• Single crystal - "free" from defects
• Single crystal - with controlled type/number of defects
• Powder - large number of small crystals
• Polycrystalline solid - a sintered powder, e.g. pellet/piece of ceramic with

large number of crystals in different orientations
• Thin film

• Amorphous solid - e.g. glass
In this work, samples were prepared using a "shake-n-bake" synthesis procedure, in
which metal oxide powders are mixed together in stoichiometric amounts and fired at

the high temperatures required for the reaction to occur. The resultant product is in
the form of a polycrystalline solid, usually a pellet, whose properties were tested once

phase purity was achieved.

2.1.1 Powder preparation

Reagent standard starting powders were dried under appropriate conditions in order to
remove water and carbon dioxide. Higher temperatures of 700°-1200°C were used to

decompose nitrates and carbonates into oxides. No powder was of lower purity than

99.5%; those that were of greater significance to the study were not less than 99.9%,

e.g. M^Os, TiC>2, SrCC>3, all obtained from Aldrich. The powders were weighed

using a "College B154" balance correct up to ±0.0001g. Powder mixtures were

prepared by mixing dry metal oxides in the appropriate ratios using mortar and pestle
and acetone as a lubricant.
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2.1.2 Ball milling

Ball milling increases the homogeneity of the powder mixture and reduces the particle
size of starting materials, which in turn reduces the sintering time and the sintering

temperature by increasing the surface area of the reactants, thus higher densities are

more readily obtained.

Powder mixtures were ball milled for up to an hour, in a Fritsch planetary micromill

pulverisette 7 at speed 4, using a zirconia container and 5 zirconia balls of 12mm

diameter, with acetone as a lubricant. Alternatively, in order to reduce or eliminate
the cross contamination problem, single use plastic bottles with Zr balls and acetone

as lubricant were used. The disadvantage of using plastic bottles over the zirconia
container is that the ball milling times are up to 10 times longer due to slower rotary

speed of lOOrpm.

2.1.3 Pelletising

Pelletising the powder prior to high temperature reaction is required to obtain a faster
reaction and phase purity, as the contact area between grains of the reacting solids is

maximised, hence allowing for faster nucleation of solids and diffusion of ions

through the reacting solid, especially if the mixture is not perfectly homogeneous.

The powder mixture was pressed into 13 mm wide pellets using a stainless steel die at

pressures between 1000-1500 kgcm"2. Higher pressures were avoided due to

"capping" of some samples, which can break the pellets during sintering or produce

badly sintered samples with a large grain boundary contribution to their conductivity.
The capping is caused by non uniform pressure on the top of the pellet at the edges
due to friction between the die wall and powder. This can be avoided by isostatic

pressing of the pellets.

The pellets were synthesised to be 1-3 mm thick for conductivity studies, and 9-15
mm thick for thermal expansion studies.
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2.1.4 Reaction

As solids usually react together at room temperature over geological time scales and
conditions it is necessary to heat them to high temperatures. The reaction temperature

varied widely from sample to sample and was changed within the sample series in
order to control the density/porosity.

In this reaction step both the thermodynamic and the kinetic factors have to be taken
into account in order to produce the correct, phase pure and well sintered material.
Phase diagrams are often a very good guide when deciding the starting firing

temperature, which can vary by many hundreds of degrees if dopants are used,

although other factors have to be considered in order to control the phase, density and

porosity of the product. The main factors to control during the reaction step are:

• Heating and cooling ramp rate - quenching is a good way of obtaining single

phases or a certain crystallographic system observed at high temperature, e.g.

cubic rather than monoclinic.

• Correct temperature has to be chosen - at lower temperatures the reaction will be

very slow and possibly incomplete with low crystallinity. At too high

temperatures the phases may segregate, or in extreme cases melt the solid

altogether.

• Regrinding and re-firing - usually to achieve phase purity faster it is necessary to

regrind and re-fire the sample. The first step of the reaction is nucleation, which

may be difficult due to the difference in structure between reactants and product.
Once this nucleation occurs, and the product layer forms, the reaction must

proceed through the cation migration to the reaction site through the new reactant-

product interface. As the product layer gets larger the ions have longer distances
to migrate through, slowing down the reaction rate. By regrinding the pellet after
initial firing, the interface between the reacting powders can be re-established,

speeding up the total reaction to produce a product. Smaller particle sizes increase
the reaction rate by increasing the number of interfaces.
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A combination of these factors will determine the microstructure of the material.

Many studies are solely focused on finding the optimum conditions for firing certain

industrially important materials, such as YSZ. The use of sintering aids in order to

bring down the reaction temperatures or time, and increase the density of the product,
is another important field of study.

2.1.5 Reduction

When looking at materials designed to be used in a fuel cell anode it is necessary to

study their properties under reducing conditions similar to those encountered in a fuel
cell.

To this end the samples were reduced in a tube furnace at temperatures between
900°C and 1400°C, depending on the sample, and under flowing 5% H2/Ar or pure
Ar. The heating ramp rate was kept low at 2°C/min for some materials, in order to
avoid the cracking of the pellets caused by rapid reduction. Rapid reduction can cause

thermal stress on some structures, due to rapid oxygen loss and rapid density change,
if the sample changes phase upon reduction. The cooling rate was 2°-10°Cmin"1
depending on the sample and its stability on cooling once reduced.
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2.2 X-ray Diffraction

2.2.1 Sample mounting

Phase purity was checked on the Philips X'pert PW 3020 diffractometer with a Cu
radiation source and the unit cell parameters were determined using a STOE Stadi-P
diffractometer. Although Philips diffractometer is more sensitive to low levels of

impurities than the STOE diffractometer, it does not remove the Kot2 beam from the
incident radiation, which the STOE diffractometer does. This may make it difficult to

distinguish between two closely overlapping peaks and the Kot2 peaks.

The samples were ground to a fine powder using a pestle and a mortar. For the Philips
dififractometer the powder was placed on an aluminium plate before being placed into
the diffractometer. A typical run was done over a period of 1 hour. When using the
STOE difffactometer a small amount (~0.5mg) of powder was placed on a thin plastic
sheet with a thin layer of Vaseline to hold the powder in place. Another plastic sheet
was placed over the first, and the powder was placed on a rotating disk. A typical run
on a STOE difffactometer was done over 1 hour 30 min-2 hours.

2.2.2 Pattern collection

X-ray crystallography is the tool used for characterising crystal structures by

providing information on unit cell size and type, position of atoms in the cell, phases

present, symmetry and space group of the crystal system. As each crystalline material
has its own unique X-ray pattern, the technique is used for fingerprint identification of

crystal structures. With a wavelength of ~lA (10"10m) X-rays are used to measure

inter-atomic distances of that magnitude in crystals.

Monochromatic x-rays are produced when a beam of electrons, provided by a heated

tungsten filament, is accelerated through a potential difference of 30 - 50 kV to strike
a metal target. Although Cu is usually used in most powder x-ray diffractometers
other metal targets are also available, such as Fe, Mo etc. When fluorescence is a

problem it is often appropriate to use another source.
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The incident beam ionises Cu Is (K shell) electrons, and an electron from an outer

orbital (2p or 2s) drops down to occupy the vacant 1 s electron hole. In the process a

quantum of energy is released in the form of x-rays. The transition energies between
orbitals have fixed values, hence a 2p -> Is Ka transition has a wavelength of 1.5418
A. The 3p -A Is K(3 transition, has a wavelength of 1.3922A, and is usually filtered
out using a sheet ofNi foil.

The Cu-Ka transition also has two slightly different energies relative to the spin of the

vacant Is orbital due to two possible spin states of the 2p electrons. Hence the Ka
transition is a doublet corresponding to Kai = 1.54051A and Ka2 = 1.54433A. A

weaker Ka2 beam may also be removed from the incident radiation using a single

crystal monochromator, in which a single crystal of, for example, quartz, Si or Ge is
oriented in such a way that one set of planes which diffracts strongly, (e.g. [111]), is at

the Bragg angle for A.Kai to the incident beam, producing a monochromatic Kai beam.

Moseley's Law relates atomic number, Z, of the metal to the wavelength of the Ka
transition:

/1/2 = (c /Xj'2 oc Z

Where / is the frequency of the Ka line. Thus the wavelength decreases with

increasing atomic number.

2.2.3 Bragg's Law

Bragg's Law requires that for two x-ray beams, diffracted by parallel planes A and B,
to be in phase (i.e. constructive interference) (Fig.2.1), distance xyz must equal an

integral number of wavelengths. The distance, d-spacing (d), between the planes and
the Bragg angle 9 are related to the xy distance by:

xy = yz - d sin 6

xyz = 2d sin 6

xyz = n/l

Thus Bragg's Law is given by: 2d sin 6 = nA
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When Bragg's Law is satisfied, the beams are in phase and interfere constructively,

Fig. 2.1 Explanation ofBragg's Law in X-ray diffraction.

Bragg's Law allows the determination of the unit cell parameters, e.g. for an

orthorhombic lattice:

\/d2hkl -h2/a2 +k2/b2 +l2/c2
The Laue equations give a more accurate way of describing diffraction by crystals.
The Laue equations treat crystals as a three-dimensional arrangement of atoms, and
relate the separation, a, of atoms in a row, the beam wavelength, X, and the diffraction

angle, <|>:

al sin (j> - nl, a2 sin <j> = nX, a3 sin <f>- nX

Each equation corresponds to a single direction of atomic arrangement in a three-
dimensional crystal. All three equations must be satisfied for a diffracted beam to

occur.
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2.3 Conductivity Measurements

2.3.1 Sample preparation

Pellet densities for conductivity studies were between 70% and 90% of theoretical

density. DC electrical conductivity measurements were carried out as a function of

temperature under constant atmosphere of dry or wet 5% H2/Ar, using the four
terminal DC technique. Four equidistant strips of platinum paste were pasted on one

face of the pellet. The pellet was then fired at 900°C for 2 hours to sinter the

platinum. Resistance was then checked across each strip using a voltmeter, and if
below 0.1 pO, the pellets were mounted in a four terminal jig (Fig.2.2). If the
resistance across each strip was too high, another coating of Pt paste was applied and
sintered at 900°C.

For impedance measurements, platinum paste was painted on each pellet face, fired at

900°C for 2 hours and, once the resistance was low enough, the pellet was mounted in
an impedance jig.

2.3.2 Four terminal DC conductivity

DC current, I, which when applied across a material with resistance, R, results in a

potential difference between any two points, V. There is a direct relationship between
these values, expressed in the form ofOhm's law:

Where A is the electrode area and L is the thickness of sample pellets. The

dependence of conductivity upon oxygen partial pressure provides considerable
information on the mechanism of conduction. For n-type conduction, conductivity

typically decreases with increasing p(02). For p-type conduction, conductivity

typically increases with increasing p(02), and for ionic conduction there is no change
in conductivity with p(02).

V = IR

Electronic conductivity (ae) is determined from equation:
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Pushrod keeping the
sample in place

Sample-

^ R-type
thermocouple

Zr02 p(02) sensor

Pyrophalite sample
holder

Fig.2.2 p(O2) conductivityjig setup

The correction for the 4-terminal DC geometry was taken from 2-terminal AC

impedance measurements on the same pellet in air.
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2.4 Dilatometry

Dilatometry is a technique that monitors dimensional changes of the sample as a

function of temperature and/or time, while the sample is under negligible mechanical
load. From this thermal expansion coefficients of samples are determined.

Fig.2.3 Schematic diagram ofNetzsch dilatometer Dil 420C.

A Netzsch dilatometer Dil 420C is used in these experiments. The furnace heats the

sample and the change in the sample length is measured via the pushrod by the Linear
Variable Displacement Transducer, LVDT-System, which in turn is positioned in the
cold part of the system. The expansion of the alumina sample holder and other
alumina components is corrected for by calibration correction, taken using an alumina
standard (Multilab 99.7% purity) of length that matches the sample to within 10%.

Any larger discrepancy in the length between the calibration standard and the sample
results in a significant decrease in accuracy of the results. Pellets were between 8 and
15 mm length and 70-90% dense.

The coefficient of linear expansion a can be defined as:

a(T)-dmv '
L0dT

L(T) = Sample length at temperature T

Lo = Sample length at 20°C
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The physical expansion coefficient is the slope of the thermal expansion curve,

corresponding to the first derivative of the dL/Lo curve according to the temperature.

The physical expansion coefficient is defined by the following equation:

„ M 1 dL(T) 1 (ljT +Sr)-L(T-Sr))phyA ' L0 dT L0 ((I + £>7')- (T - (57'))
5T = infinitesimal small temperature difference
L (T) = Sample length at temperature T

The technical expansion coefficient, atech, at a temperature T allows the determination
of expansion at that temperature, and can also be referred to as the average expansion
coefficient for the temperature interval Tupper - Tiower. It is defined by the following
equation:

, > 1 AL1 (1(7■)-!„)
techK '

L0 AT L0 (T-T0)

2.5 Thermogravimetric Analysis (TGA)

TGA measures a change in the mass of a sample as the temperature or pC>2 is varied.
The TGA instrument used was a RheoTherm TGA 1000M+, consisting of a sensitive
balance with the sample pan in a furnace. There are a number of uses for TGA such
as kinetic studies where weight change can be attributed to a particular reaction, the

study of volatisation, adsorption and desorption of samples. By controlling the

atmosphere at the sample it is possible to encourage or suppress reduction/oxidation
reactions. Under the reducing atmosphere of 5% IVAr a previously oxidised sample
will lose weight. From the amount ofweight loss it is possible to determine the extent

of oxidation, hence providing additional information of the nature of the material, e.g.
number of oxygen vacancies and a new stoichiometry of the material.
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3.1 Structure types

The unit cell is the smallest repeating unit in a crystal system,
which is determined from the x-ray diffraction pattern. It is
characterised by six parameters: the lengths of three sides a, b,

c, and the angles between these sides a, (3, y (Fig.3.1). Crystal

system of the unit cell describes its shape and symmetry.

There are 7 crystal systems: triclinic monoclinic,

orthorhombic, tetragonal, trigonal, hexagonal and cubic.
Cubic system has the highest symmetry: a=b=c, a=P=y=90°,
and triclinic has lowest symmetry a^b^c and

Along with the different crystal systems a unit cell can adopt, structures can also have
additional lattice points in the lattice, i.e. centring, located at the centre of faces in the unit
cell, or the body centre of the unit cell. Thus there are 14 Bravais lattices, giving the
information on the overall symmetry in the crystal and consisting of the combination of

crystal systems with centring conditions. If point symmetry and translational symmetry
are taken into account along with 14 Bravais lattices this gives 230 space groups, and any

one crystal structure belongs to one of these space groups.

Fig. 3.1 Unit cellparameters
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3.1.1 Perovskite

The perovskite structure has a general formula ABO3 and is based on the ReCh structure,

which can be considered as cubic close packed with XA of the oxygens missing in the abc

stacking sequence, and the A site cation occupies these vacant sites. The ideal perovskite
structure is cubic, an example of which is SrTiCh, A(I1)B(IV)03 structure, in which the Ti

occupies V* of the octahedral sites and TiC>6 octahedra share corners to give a 3D
framework (Fig.3.2). Sr and O atoms in SrTi03 form the cubic close packing structure,

and Sr2+ is co-ordinated by 12 oxygens.

Fig.3.2 Idealperovskite structure in different representations

The ideal perovskite structure is very rare, as they all tend to show a certain degree of
distortion from cubic symmetry. This distortion is responsible for interesting magnetic
and electric properties and is important in the electronic and ionic conductivity of these
classes ofmaterials.

Tetragonal to cubic transformation is the most important distortion for the electronic

properties occurring in BaTiC>3, below 120°C. In the close packed Ba-0 planes the large
size of Ba2" of 1.60A in a 12 fold co-ordination, causes the oxygen octahedron co¬

ordinating Ti4+ to expand relative to SrTiC>3. This in turn causes the titanium, which is
now in a slightly larger site, to be displaced by 0.1A off its centre to a position of lower

energy, in the direction of one of the apical oxygens, giving rise to spontaneous

polarization. The irregular TiC>6 octahedra result in the change of crystal symmetry and
the tetragonal distortion of the perovskite.
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Hence the distortion of BaTiC>3, for example, causes it to be ferroelectric with the Curie

temperature Tc = 120°C and very high dielectric constant, and this has great industrial

importance in the capacitor industry, e.g. multilayer capacitor, thermistor, underwater
sonar etc. Substitution of Ba by Sr ions reduces the tetragonal distortion and hence the

magnitude of the ferroelectric response, with a lower Tc = -55°C.

Perovskites are intensively studied due to the oxide ion conduction through the
introduction of oxygen vacancies. These are done either by substitution ofAJ+ by A2+ or

from a partial reduction of B3 or B4' to B2+ or B34, respectively. The following

equilibrium then applies:

0o <=> V" +1 / 202 + 2e'
The oxygen mobility through these vacancies is the basis of oxide ion conductivity.

3.1.2 Tungsten bronzes

Tungsten bronzes, based on WO3 are a distorted form of ReC>3, and can be considered to

be an A-site deficient perovskite. Their relationship to Re03 and the perovskite structure

is seen in (Fig.3.3). In the WO3 structure the W atoms are shifted from the octahedron
centres thus producing varying W-O bond lengths. The structure contains channels
which, as in the perovskite structure, can be occupied by other metal ions, giving the

composition ofMXW03.

There are different types of tungsten bronze structures: cubic, hexagonal and tetragonal.
The cubic tungsten bronzes have a ReC>3 structure, with only a partial occupation of the
channels with small cations, such as Li+ or Na+, and can be considered to be a halfway
house between ReC>3 and perovskite structures. Hexagonal tungsten bronzes as can be
seen from (Fig.3.3), to contain large channels, which can contain much larger cations
such as Cs or Rb. Tetragonal tungsten bronzes have five, four or three sided channels

(Fig.3.3). Three sided channels are unoccupied, and the four and five sided channels have

slightly different diameters. As such the cations may preferentially occupy either one or
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the other of these channels, with the smaller cations preferentially occupying the four
sided channels.

Tungsten bronzes are often metallic conductors, with a metallic luster. Due to their
chemical resistance and their colour, they are being used in industry as catalysts and

pigments.

Tetragonal tungsten bronze

Fig. 3.3 Relationship between the structures ofReO3, perovskite and hexagonal or tetragonal
tungsten bronze, WO3.

X X X
X X X

X X X
X X X

X X X
Ideal

perovskite

\VO3-hexagonal tungsten
bronze

MxW03-hexagonal
tungsten bronze
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3.1.3 Rutile (Ti02)

Ti02 has a rutile structure, which is characterised by a distorted hexagonal close packing
of anions (oxygens) with half the octahedral sites occupied by cations (Fig.3.4(a)). This,

therefore, produces corner sharing octahedra in the [110] plane (Fig.3.4(d)), and edge

sharing along the c-axis (Fig.3.4(c)). The chains of edge sharing Ti06 octahedra share
corners hence giving square tunnels which run parallel to the c-axis (Fig.3.4(d)). Every O
atom is shared by three octahedra, TiC>6/3.

The rutile structure, along with fluorite constitute the main structure types for AX2

materials, e.g. Nb02, Cr02, NiF2 etc. Usually in the rutile structure metal atoms are

equidistant in the edge sharing chains. However, if the metal atoms still contain d-

electrons, metal-metal bonding will occur, and atoms become shifted from the octahedron
centres. This produces alternating short and long M-M distance in these chains. This is
seen in low temperature forms of V02, Nb02, Mo02 and W02, with high temperature

forms having the regular rutile structure. In Ti02 the Ti co-ordination is slightly

distorted, producing two Ti-0 bond lengths of 1.95 and 1.98A.

Other cations can be inserted in to the square tunnels, resulting in different electronic and

magnetic properties.

There are also double and triple rutile phases which occur when there are two or three
metal sites and ordering of the metal sites doubles or trebles the unit cell.
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Fig. 3.4 (a) Ti02 Rutile structure. Green atoms at corners are Ti atoms, andgrey are O atoms (b)
Rutile structure represented with l'i()6 octahedra (c) Edge sharing Ti06 octahedra in the c-

direction (d) Tunnels runningparallel to the c-axis
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3.2 Electronic Conductivity in Solids

3.2.1 The free-electron theory

The electron arrangement around the nucleus consists of a number of closed shells,
outside of which are the remaining few electrons, which are not as strongly bound to the
nucleus as a result of shielding by the electrons closer to the nucleus. These outer

electrons are responsible for the electrical properties of materials. Sommerfield's free-
electron model considers valence electrons in metals as noninteracting gas particles, not
bound to their individual atoms but free to move through the lattice. That is to say the
electrons can be considered to sit in the potential well of the crystal lattice, rather than the

potential well of the atom. The energy levels in this potential well are quantized, where
the highest filled level at T=0K is the Fermi level, with the corresponding energy Ef.

The concentration of electrons at any particular energy level can be expressed in a form:

n(E) = N(E) ■ F(E)

where N(E) is the density of states, i.e. the volume density of electron levels of energy E,
and F(E) is the probability that they are occupied, also known as the Fermi-Dirac
function. The electron density of states, N(E), is a function which varies with energy

level and represents the maximum allowed density of electrons of energy, E, per unit
volume of a crystal, as dictated by the Pauli exclusion principle. As can be seen from (

Fig.3.5), at the edges of the conduction and valence bands N(E) varies parabolically with

energy away from the edges of the bands. From integration near the edges of the
conduction band, the effective conduction band density of states, Nc, becomes:
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N = 2
27imkT 3/2

\0 cm (at T = 300K)

Where me, is the effective mass of electrons in the

conduction band, and h is Planck's constant. The equation
for the effective valence band density of states for electron
holes is the same, substituting the effective mass of
electrons by that of holes in the valence band.

Ec

Ef

Ev

NC(E)

NV(E)

N(E)

The Fermi-Dirac function F(E), is given by:

F(E) = 1
1 + exp

E-Ef
kT

When this equation is plotted against energy the graph
in (Fig.3.6) shows that all the electron levels are

occupied up to a maximum energy, E/; the Fermi
energy at OK.

Fig. 3.5 Density ofstatesfunction

F(E)

1/2

^4—T=0K

>
-

\£>T'>0K
xs, -

Fig. 3.6 Fermi probabilityfunction,

F(E) as afunction ofelectron energy E

The probability function has a value of unity below E/ and 0 above. When the

temperature is above OK, Ti>OK, some electrons are excited above E/, resulting in a more

diffuse probability function. At the Fermi energy, however, the probability function is

F(E)=1/2 [1], Thus for a semiconductor or insulator, the product of N(E) and F(E) gives
a concentration of electrons in the conduction band. At higher temperatures still, T2>Ti,
even more electrons are excited above E/, producing a more diffuse spread of energies.
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3.2.2 Ohm's Law

In a conductor in zero electric field the free electrons are distributed through all the

energy states up to Ef, hence there will be as many states occupied which have a positive
wave vector as a negative wave vector, hence the electrons are travelling in all directions
with no preference for any direction, with the average net velocity being zero. The free
electrons are constantly exchanging energy with the lattice ions by inelastic collisions and

exchanging momentum by elastic collisions.

When an electric field, E, is applied the electrons are accelerated with a definite velocity,
in the direction opposite to the applied field and are scattered by phonons, thus losing
their kinetic energy. The distance travelled by the electron between each scattering is its
mean free path, /.

The drift velocity, va, is directly proportional to the applied electric field, E:

vd =//E

where p is the electron mobility (m2/(V-s). The drift velocity of the electrons is thus

directly related to the current density, J:
J = tievd

where n is the number of electrons per unit volume, and e is the electronic charge

(-1.60xl0"19 C)

The velocity vF at the Fermi surface is ~106 ms'1 [2], and is very high compared to any

change in velocity produced by the applied field, so the time between collisions is mostly
constant with // vF. Increasing the field increases the drift velocity and a larger change of

velocity is produced in the same time // vF. The resultant higher current is thus a basis for
Ohm's Law.
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Ohm's law relates the current flow, 1 (in amps), to the applied voltage V (in volts) and the
resistance of the material, R (in ohms): I-V/R. The resistance of an electrical conductor
is directly proportional to its length, /, and inversely proportional to its cross-sectional

area, A: R=pl/A, in which p is the electrical resistivity given in terms of Qm.

The current density in an applied electric field is also expressed in terms of resistance as:

E
J = — or J = oE

P

where 7=current density, A/m2, ZT=electric field, V/m, p=electrical resistivity Qm
a=electrical conductivity Sm"1.

There are two main types of contribution to electrical resistivity:
• The thermal component is the result of phonon interaction with conduction

electrons, decreasing their mean free paths and relaxation times between
collisions.

• The residual component is usually small in pure metals and is the result of
structural imperfections such as grain boundaries, impurity atoms and

dislocations, all of which scatter electrons.

The total electrical resistivity of a metal, p0tai, is approximated as the sum of the thermal

component, pr, and the residual component, p.

Ptotal = Pr + Pr

The residual component is usually temperature independent, and is only significant at low

temperatures.
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Fig. 3.7 Variation ofelectrical resistivity with temperature, showing the contribution ofdifferent
components

For most metals, above about 70K, the resistivity varies almost linearly with temperature,

as the thermal component is the main cause of resistivity. At temperatures below 70K,
the residual component becomes much more dominant, and there is no longer a linear

relationship between electrical resistivity and temperature (Fig.3.7). The ratio of ptotai/pr
can be used as a measure of the purity of the samples.

Electronic conductivity is directly related to:

1. Number of charge carriers - increasing the number of charge carriers increases the

conductivity
2. Their charge magnitude - for the same number and mobility of charge carriers, the

larger is the charge carried the larger is the perceived conductivity
3. Mobility of charge carriers - faster charge carriers with the least amount of resistance

from the material itself produces larger conductivity
Thus the electronic conductivity is given by:

o = riZep.

where n is the number of charge carriers, Ze is their charge and p is a measure of

velocity/mobility of charge carriers in an electric field.
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The conductivity dependence on temperature is present in the n term and the p term, as

the charge of the charge carriers is independent of T. The mobility of charge carriers, p,
decreases to a varying degree in all materials with temperature, due to increasing number
of collisions between charge carriers and phonons as the temperature increases. Thus the
main difference between metals, semiconductors and insulators must lie in the number of

charge carriers, //. In metals, n is large and does not change significantly with

temperature, thus the other variable, p, which decreases with temperature, must be

responsible for the resultant decrease of ct with temperature for metals. For

semiconductors/insulators, n is smaller than in metals but increases rapidly with

temperature. The rapid increase in n outweighs the small decrease of p, thus a increases

rapidly with temperature.

3.2.3 Band Model

According to the linear combination of atomic orbitals (LCAO) model, when two atoms

bond the orbitals on each atom overlap in phase, to give a low energy bonding orbital, and
out of phase, to give a higher energy anti-bonding orbital. This is shown in (Fig.3 .8) for
Li 2s atomic orbitals.

Fig. 3.8 LCAO diagram of two Li atoms showing bonding and anti-bonding orbitals
In crystal systems with many atoms bonded, there are N molecular orbitals formed for N
bonded atoms. The lowest energy orbital is the in phase combination of atomic orbitals,
and the highest is the out of phase combination of atomic orbitals. In between these there
are N-2 molecular orbitals, in which some have in phase and some have out of phase
combination. As the number of atoms increases the number of levels increases, but the

spread of energies is over a very small range.

Li Li

2s

la
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Li2 Li4 Lifi Lig Li10 him

Fig. 3.9 Bandformationfrom individual bonding and anti-bonding orbitals.

In crystals with infinite number of atoms two energy bands are formed, consisting of an
infinite number of molecular orbitals at infinitesimally small separations between them,

producing a continuous range of energies within each band (Fig.3 .9). The width of the
band depends on the degree of overlap between atomic orbitals. In small molecules, the

greater the overlap, the greater the difference between bonding and anti-bonding orbitals;
in solids this translates to a greater spread of energies in the band.

Thus in metals, semiconductors and insulators the differences in their conductivities

depend on the band structure of each, whether the valence bands are full or partly full,
and the magnitude of the energy gap between full and empty bands. In semiconductors
the band gap is usually in the range of 0.5-3.0eV, and in insulators the band gap can be as

large as 6-7eV, thus energy has to be applied to promote the electrons across this band

gap for conduction to occur. In insulators the band gap is much larger than in

semiconductors, hence much more energy is required before conductivity can occur.
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3.2.4 Simple Metals

The free electron theory separates the core and valence electron states, in which the
valence electrons are delocalised over the entire crystal forming a valence band. In
metals the valence band is partly filled and is hence also the conduction band. Hence in

pure metals, the charge carriers are the valence electrons. The width of a valence band is
related to the interatomic separation and therefore the degree of overlap between orbitals
of adjacent atoms (Fig.3.10)

3p

3s

o>

fl>
c
LU

2p
2s

.j/r ro Interatomic separation

Fig. 3. JO Energy levels and band ofsodium as afunction of interatomic spacing

In a sodium metal where the interatomic separation is at ro, i.e. the crystal spacing
between adjacent atoms, the 3s and 3p orbitals overlap significantly to form a broad
conduction band. The 2s and 2p orbitals do not overlap at this separation, but with
additional compression under pressure would overlap to form another energy level band.

Semimetals are similar to semiconductors, however the conduction band minimum lies

slightly below the valence band maximum, hence in the ground state at OK a small
number of conduction band states are occupied, and an equal number of valence band
states are empty. Due to the partial filling ofbands the electronic properties are those of a
metal, but because of the smallness of the overlap there are a very small number of
carriers which contribute to the conductivity.
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3.2.5 Semiconductors/Insulators

Semiconductors, however, have a full valence band which is separated by a large energy

gap, Eg, from the next energy band, the conduction band, which is empty (Fig.3 .11).
E

| Higher s-p band
wer s-p band

N(E)
Fig. 3.11 Energy level diagramfor a semiconductor, showing conduction bands, Ef and the band

gap-

There are two types of semiconductor, intrinsic and extrinsic. Intrinsic semiconductors
are pure materials, whose conduction is governed by the size of the band gap and

temperature. Extrinsic semiconductors are materials in which conductivity is controlled

by the addition of dopants (Fig.3.12).

Fig. 3.12 (a) Intrinsic semiconductor, (b) n-type extrinsic semiconductor (c) p-type extrinsic
semiconductor

Donor
levels

Conduction band Conduction bandConduction

Acceptor levels

68



Chapter 3-Theory

(i) Intrinsic semiconductors

As electrons are excited into a conduction band a positively charged "hole" is left in a

crystal lattice (Fig.3.12(a)). In a pure intrinsic semiconductor, such as silicon or

germanium, the electrons and the holes are charge carriers, and both move in an applied
electric field. The current density is the sum of the conduction by electrons and holes:

J = n\e\vn + /?|<?|vp (c.f. J=nevd for metals)
n= number of conduction electrons per unit volume,

p= number of conduction holes per unit volume,
e= value of electron or hole charge (1.60xl0~19 C)
v„ and vp = drift velocities of electrons and holes

The relationship between current density and conductivity: J=aE, allows the
measurement of electron and hole mobilities from:

J n\e\\n n\e\\
a-— =—u h
EE E

where v„/E and v/E are electron and hole mobilities, and is their drift speed in an applied
electric field E. |i„ and pp are mobilities of electron and holes respectively thus:

a = n\e\iin+n\e\np
As in an intrinsic semiconductor the number of holes and electrons are equal as they are

created in pairs: n=p=nt where n, is the intrinsic carrier concentration per unit volume;
thus the electrical conductivity of the semiconductor is expressed as:

°=n]e\(Mn+{Jp)
The increase in temperature promotes more electrons form the valence band into the
conduction band and the number of electrons promoted varies with temperature in an

exponential maimer:
-(e.-Ej,)/kT

ni cce

where Eg = band energy gap, Ef = the Fermi level, k = Boltzmann's constant, T =

temperature (K).

69



Chapter 3-Theory

In semiconductors, Ef is halfway across the band gap, i.e. Eg/2, and the concentration of
charge carriers can be expressed as:

-E, /2kT
nt oc e *

As the electronic conductivity, a, of an intrinsic semiconductor is proportional to the
concentration of charge carriers, n,, thus:

-E.ua
cr = (T0e

EsIn cr = In cr,0
2kT

(where oo is an overall constant incorporating the mobilities of electrons and holes and

has a slight temperature dependence: cr0 =|e|(//„ +Mp) )• This equation is the Arrhenius

equation, where a plot of Inavs 1/T (K1) gives a straight line ofEg/2kT, where Eg can be
determined from the slope of the plot.

(ii) Extrinsic semiconductors

In extrinsic semiconductors conductivity is controlled by the addition of dopants.

Depending on which charge carriers are created, the negative charge carriers in the
conduction band and positive holes in the valence band, extrinsic semiconductors can be
classed into p-type or n-type. p-type conductivity occurs when the current is carried by
the positive holes created by doping (Fig.3 .12(c)), and n-type conduction occurs when the
extra electrons carry the current (Fig.3.12(b)).

When an electronically neutral lattice is doped with an atom with a lower valence than the

average atom in the lattice, the extra electron will have a much higher energy than the
valence band creating a donor level slightly below the conduction band (Fig.3.12(b)).
The energy gap an electron will then be required to jump across is much lower than the
electrons from the valence band, i.e. AE=EC-Ed.

If an electronically neutral lattice is doped with an atom with a higher valence than the

average atom in the lattice, an acceptor level just above the valence band is created
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(Fig.3.12(c)). The application of an electric field will cause one of the neighbouring
electrons from the valence band to move to the acceptor level, leaving behind a hole in
the valence band which then acts as a positive charge carrier. The energy band the
electron will be required to jump to the acceptor level is much smaller than the band gap

to the conduction band, i.e. AE=Ea-Ev.

As the mobile electrons and holes are constantly being generated and recombined, at

constant temperature once the equilibrium has been reached, the relationship between the
concentration of holes and electrons is:

[n\p] = nf
rii is the intrinsic concentration of charge carriers in a semiconductor and is a constant at

any given temperature. [«] and [p] is the concentration of free electrons and holes

respectively. In an extrinsic semiconductor the increase in one type of carrier reduces the
concentration of another through recombination, hence the product of the two is a

constant.

In order to maintain electro-neutrality in a crystal the total negative charge density must

equal the total positive charge density, thus:

Na+n = Nd+p

that is the sum of the number of positive donor dopant ions Nd and holes p, is equal to the
sum of the number of negative acceptor dopant ions Na and electrons, n.

In an a?-type semiconductor Na=0, thus the number of electrons is much greater than the
number ofholes, i.e. n»p, thus the above equation can be reduced to:

i.e. the free electron concentration is equal to the number of donor atoms, and the
concentration of holes is obtained from:

2 2

["] Nd

Similarly in a /?-type semiconductor Nd=0 andp»n thus:
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\p\*n»
and:

2

Usually, the mobilities of electrons and holes at room temperature are at a maximum at

low concentrations of dopants. As the concentration of dopants rises, the mobility of
electrons and holes decreases and the conductivity drops. This is because neutralising
one type of charge carrier by another leads to a lower mobility of the majority carriers

Increasing the temperature provides more energy for the dopant atoms to lose/gain
electrons. However, in comparison to the intrinsic semiconductor, only a small amount of

energy is required to ionise the impurity atoms.

HighT l/T (K1) LowT

Fig. 3.13 Schematic diagram ofInavs l/Tfor an n-type extrinsic semiconductor

The amount of energy required to excite an electron into a conduction band is Ec-Ed.
Thus the slope of the Arrhenius plot (Fig.3.13) is -(Ec-Ed)/k. For a /Mype semiconductor
the slope then becomes -(Ea-Ev)/k. The exhaustion range occurs in an a?-type

semiconductor over a temperature range where all the dopant atoms are completely
ionised, and not enough energy is supplied to the valence electrons to jump the Eg barrier
into a conduction band. In a /Mype semiconductor this temperature range is known as the
saturation range. Further increases in temperature provide sufficient energy for the
valence electrons to jump the semiconductor gap. In this range intrinsic semiconduction
becomes dominant, and the slope becomes much steeper being equal to -Eg/2k.
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3.2.6 Defects and non-stoichiometry in crystals

Many properties of crystals, such as electrical conductivity, optical properties, mass

transport etc., are determined by the number and type of defects. There are a large
number of possible defects in a crystal and the relationship between them is shown in

(Fig.3.14).

Fig. 3.14 Different types ofdefects in crystals

Point defects are short order deviations from the perfect atomic arrangement, such as

missing ions, interstitial ions etc. Electronic defects are responsible for the electronic
conduction and are deviations from the ground state of orbital electronic configuration,
such as electrons in a conduction band or holes in a valence band. Ionic defects include

Schottky and Frenkel defects. Point defects may be created with thermal excitation

(intrinsic defects), by addition of solutes and impurities (extrinsic defects) or by the
oxidation/reduction processes causing the variation in metal/anion stoichiometry.

Extended defects are long range deviations from the perfect crystal and include clusters of

point defects, line defects such as dislocations, and planar defects which include grain

boundaries, external surfaces, stacking faults and shear planes.
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Intrinsic and extrinsic defects characterise the two main types of defects. Intrinsic defects
are those that do not alter the composition of the crystal and fall into two main categories;

Schottky defects [3], in which there is the same number of cationic and anionic vacancies
in the crystal; and Frenkel defects [4], in which some of the ions in the ionic crystal move
from their normal lattice points forming interstitial ions.

Extrinsic defects are those that alter the composition of the crystal, usually achieved by

doping. Then concentration of extrinsic defects, unlike intrinsic defects and non-

stoichiometry, is usually constant with changes in temperature.

(i) Energetics and concentration ofdefects

The formation of defects is a thermally activated process, requiring energy to overcome

the activation energy barrier, thus the process is endothermic. This would mean that the
formation of defects is not thermodynamically favourable, but for the commensurate gain
in entropy balancing the decrease in enthalpy upon the formation of defects. The
additional entropy is due to the distribution of a small number of defects over a large
number of lattice sites. Thus at equilibrium the change in free energy of the crystal upon
defect formation is zero, and the free energy of a system is given by:

AG = AH - TAS

In a crystal at any temperature above OK there will always be defects.

If we take a perfect crystal with initial free energy Go, and form n Frenkel defect pairs at

an energy expense ofAgf per pair, the free energy of a crystal becomes:
G =G0+nAgf-TASc

ASC is the increase in entropy of the crystal. The change in free energy, AG is thus given

by:
AG = (G-G0) = nAgf-TAS

both parts of the equation on the right hand side are dependent on the number of defects,
n. At equilibrium, the configurational entropy ASC is given by:
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ASc = k Inn

where Q is the number of ways in which a defect can be arranged; and for n Frenkel
defects there are w, interstitials and nv vacancies, arranged on a total ofN lattice sites. The
total number ofways, fiv, the vacancies can be arranged is:

AH
~ = (N

The total number ofways, Oi, the interstitials can be arranged is:
AH

=

W
The total number of configurations is Q=f2vQi, and as the defects were formed in pairs,

rii=nv=n. Substituting this into the equation for the configurational entropy ASC, we get.

r ah ^ASH = 2k In
^ (AT-«)!«!J

If the numbers ofN and n is very large, for example when dealing with a mole of atoms,

Stirling's approximation is used: N\=NlnN-N., ASC then becomes:

TV InASc = 2k

and the total free energy change is:

AG = nAg - 2kT

N

N-n
+ win

N-n

n

AAln
N

N-n
+wln

N-n

v n

At equilibrium, where (dAG/dn)TP =0 and (N-n)~N, the concentration of defects given

as a fraction of the total number of atoms, N, becomes:

n

N
- exp

Ag ) (As,
= exp

2kT 2k

"N f
exp -

y v

Ah

2kT

From the above equation it can be seen that the defect concentration is exponentially

dependent on the free energy of formation, Ag, and on the temperature, T. Asv is entropy
associated with lattice strains and changes in vibrational frequencies upon defect
formation. Vibrational entropy arises due to the change in vibrational modes of the atoms

next to a vacancy [7],
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The appearance and disappearance of Schottky defects mainly occur at the crystal surface
or a dislocation face, and their concentration is given by:

ns - TVexp(- AHS /2kT)
where ns is the number of Schottky defects (ionic pairs per unit volume), at temperature

T(K), in a crystal with TV cation and TV anion sites per unit volume; k is the Boltzmann

constant, AHS is the enthalpy required to form one defect. The Schottky defect most

commonly occurs when there is a small difference between the cation and anion radii, and
their polarisabilities are small, then the van der Waals energy and the dielectric constants

are also relatively small. Due to the simultaneous formation of anion and cation sites, the
total number of lattice sites is increased by one formula unit upon the formation of the

Schottky defect.

Frenkel defects occur due to thermal fluctuation in the crystal and are calculated from a

similar expression:

nF = (TVTV,.)% exp(- AH /2kt)
where N is the number of lattice sites and TV, is the number of interstitial sites available.

Interstitial ions move to other sites by thermal fluctuations, chemical diffusion or an

applied electric field. Vacancies can also move in a crystal when vacant lattice points are

occupied by other lattice points. Frenkel defects most commonly occur when there is a

large difference between the anion and cation radii, and the van der Waal energy and
dielectric constant are also large. Frenkel defects conserve the number of lattice sites

upon formation.

The third type of defect is Koch-Wagner defect [5], in which the defect is a result of the
introduction of impurities or dopants into the crystal lattice; e.g. the formation of oxygen-
ion vacancies by introduction of Y2O3 into ZrC>2 to form yttria stabilised zirconia used as

an electrolyte in solid oxide fuel cells and oxygen sensors. The replacement of Zr4+ by
Y3+ in the fluorite crystal structure and the creation of anion vacancies at the tetrahedral
sites in the lattice:

Zr02
Y2O3 -» 2Y'Zr + V0' + 300x
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These vacancies enhance ionic conductivity, as the oxide ion moves through these oxygen

vacancies.

In order to alter the properties of materials, such as changing ionic and electronic

conductivity, thermal expansion etc., defects have to be introduced in to the crystal.
There are a number of ways of doing this, one of which is simply an increase in

temperature. Because the formation of defects is endothermic, Le Chatelier's principle
tells us that increasing the temperature of an endothermic reaction will favour the

products, i.e. the defects. Additionally, AH of the formation of defects is smaller at

higher temperature, this increases the number of defects present.

(it) Effects ofoxygenpartialpressure

The concentration of defects also varies with oxygen partial pressure, thus if a metal
oxide is reduced and oxygen is removed into the gas phase leaving behind oxygen

vacancies, the reaction can be expressed as:

0'o=^02(g)+V~+2e'
the two electrons associated with O2" ion are liberated in to the solid. The equilibrium
constant for this reaction, where n is the concentration of electrons, is given by:

oxygen partial pressure, P02, is the oxygen activity, Kr° is a constant, and agr is the free

energy of reduction. The concentration of oxygen ions on their sites is left out of the

equation, as [Oox]~l; i.e. the concentration of vacancies is assumed to be very dilute.

The reverse of this reduction reaction is the oxidation reaction, involving the consumption
of oxygen vacancies:

^02(g)+v" =0'a+2h-
and the equilibrium constant, where p is the concentration of holes, is:
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Ko = r Pi 1/2 = K°o expf-—K'Tof I kT )
Highly stoichiometric cations, such as MgO and AI2O3 have fixed valence and hence

large free energy for reduction/oxidation. Thus changes in the P02 cause little change in
defect concentration. Multivalent cations, such as Ti4+, Nb4h, etc form nonstoichiometric

oxides, TiC>2-x, MhOs-x, ZrC>2-x, Ce02-X etc, which can be easily reduced, with oxygen

deficiencies of up to 1% for Ti3+, before decomposition or transition to a different phase
occurs. Other cations, such as Fei.xO or Nii.xO are easily oxidised, resulting in cation
deficiencies. Some cations, such as strontium in Sri_xNb03 can never be stoichiometric,

having a minimum cation deficiency of about 0.02[6],

The concentration of the electrons and the neutral, singly and doubly charged oxygen

vacancies are related in the following three equations:

kUl =K\0o]
KT']=*>o*l
Y~Wk\V0\

Assuming that the oxygen vacancies and the complementary electrons are the main
defects in the oxygen deficient oxide then in order to maintain electroneutrality the

following equation must be true:

M=b;J+2krJ
By combining these equation the electron concentration is given by.

[ef =K,KyX(2Kb+[e'D
the above equation has two main limiting conditions:

. If [e']»2Kb [<?'] = (

. If [e']«2Kb H = (2KiKJCjfip-Y*
Thus the concentration of electrons, and thus conductivity, is a function of the ambient

oxygen partial pressure. The electron concentration will increase with decreasing oxygen

partial pressure and the p(C>2) dependence ranges from pCb"1'4 to pCV176.
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To maintain electroneutrality, the following limiting conditions apply to the concentration
of oxygen vacancies:
• If [Vox]»[Vo*]+[Vo"] [Vo]totai=KlP02-1/2
• If [Vo']»[Vox]+[Vo"] [V0]totai=(KiKa)1/2p02-1/4
• If [Vo"]»[Vox]+[Vo'] [Vo]totai=( 1 /4K,KaKb) 1/3p02"1/6
From these equations it can be seen that the concentration of oxygen vacancies has a

p(02) dependence that ranges from p02"12 to p02"16.

At high temperatures, however, the doubly charged vacancies vastly outnumber the
neutral or the singly charged oxygen vacancies [7], hence the equation can be simplified
to involve only the doubly charged vacancies.

Metal oxides which have a defect structure involving oxygen and metal vacancies, will
have a dependency on p(02), so that at:
• low p(02) [Vo"]»[VM ]
• high p(02) [Vo"]«[VM ]
Thus in order to maintain the Schottky constant, Ks=[Vo"][Vm ], as the p(02) decreases
and the concentration of oxygen vacancy increases, the metal vacancies decrease

correspondingly. In order to satisfy the bulk electrical neutrality:

Av'MA=Ay;:\Ah]
This can be reduced to a Brouwer approximation in which there is only one positive and

negative defect, hence:
1. [e]=2[V0"]
2. [/?]=2[Vm ]

3. [Vm"]=[VO"]
4. [h]=[e]

In non-stoichiometric oxides, such as MgO, at high temperature the intrinsic Schottky
concentration (3) is greater than the electronic carrier concentration (4), and equation (3)
can thus be considered to be dominant.
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Thus for an /7-type electronic conductor the defect equation describing the incorporation
of oxygen into the lattice at low p(C>2) becomes:

Oi = y202(g) +V" +2e'
and the mass action relation for this equation is given by:

k, =p%[v~It
If [Vo"]=constant and is large, at either very low p(C>2) or upon creation of oxygen ion
vacancies by doping (e.g. Y2O3 + ZrC>2 2Y'zr + V0" + 300x), the equation reduces to:

Po?
Hence the conductivity of the electrons, Ge, is proportional to the inverse fourth root of

P(02): oc Pox'4

Lowering the p(C>2) further, the vacancy concentration is no longer constant as sufficient
reduction occurs so that the concentration of electrons is twice that of the oxygen

vacancies (IXI=2[Vo"]), the equation for the law ofmass action is then:

[e] = (2Kj"pjs
<*. ' Pol'

Thus when the number of oxygen vacancies are in excess compared to the number of

charge carriers created by reduction, then the conductivity dependence for an w-type

oxide on p(C>2) is -1/4. When the majority of vacancies are associated with creation of

charge carriers, the conductivity has a p(C>2) dependence of-1/6 [8],

At high p(C>2), the predominant defects are metal vacancies and electron holes. Thus for a

p-type conductivity, the equation for oxygen incorporation into a lattice and the
concentration of holes, [/?], can be described as follows:

\/20M+V~ =Oa+2h'

the mass action relation is given by:

K2=[hf Ipf,[v~]
thus if [Vo"]=constant and is large, then [A] increases to preserve electroneutrality

([c][A]=Ki), thus this equation can be approximated to:
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[h\x Pol
thus the p-type conductivity of the holes, Oh, is proportional to the inverse fourth root of

P(02):

Vh 00 Pol
At higher p(C>2), there is a consumption of oxygen vacancies and an increase in the
creation of charge carriers, i.e. the metal vacancies and/or holes. In these conditions the

[/?] is approximated to: [/?]oc p(and correspondingly <jh oc pxjf^ .

In an "intermediate" p(02) region, [Vm ]=[Vo'"]=Ks1/2 (Ks=[Vm ][Vo"]), and the
concentration of both types of vacancies is constant. The schematic representation of
defect concentration as a function of oxygen partial pressure for a metal oxide forming

predominantly Schottky defects is shown in (Fig.3.15(a)).

(a) (b)

Fig.3.15(a) Brouwer diagram showing a schematic representation ofdefect concentration as a
function ofp(02)for a metal oxide thatformspredominantly Schottky defects (b) Kroger-Vink

diagramfor a metal oxide in which electronic defects dominate
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If a band gap in a semiconductor is small enough, then electronic defects will dominate

(Fig.3.15(b)); here the oxide is a pure electronic conductor at all oxygen pressures, and
exhibits no appreciable ionic conduction.

A measurement scanning the conductivity of a metal oxide at constant temperature and
over a large range of p(C>2) gives an indication of the electronic and ionic conductivity

regimes, showing p-type or «-type conductivities and vacancy concentration

dependencies for the conduction processes.

3.3 Thermal Expansion Theory

3.3.1 Heat transport in solids

When a solid is heated, heat is transported as an elastic lattice wave, thus heat is related to
the kinetic energy of the molecules, atoms and electrons in metals. The vibrations of
adjacent atoms are coupled due to atomic bonding, and these vibrations are quantized. A

phonon is thus a single quantum of lattice vibrational energy (Fig.3.16).

o (9 cP o° cP Q o
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\^) cP o° cP 9 o 6) cP^ (9 cP o cP (9 o (9
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O Displaced lattice position due to

vibrations

Fig.3.16An elastic lattice wave

Directly related to the heat transfer is the heat capacity of the solid, which is the
derivative of rate of transfer of heat with temperature:

C =—^ = JmoFxK~x
dT
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This is usually expressed as the specific heat capacity of the material, where m is mass of
material.

C = -^- = Jkg~'K~'
m dT

Specific heat can be expressed in terms of internal energy of the system:

Cv=dU/dT

Where Cv is molar specific heat at constant volume. The internal energy of the system,

U, corresponds to the average energy of all oscillators:

u = na{e)
Na is Avogadro's number. The energy of the single, uncoupled harmonic oscillator is

expressed as:

E = EX+Ey+Ez
In classical treatment of specific heat U is expressed as:

U = 3NAkBT
The corresponding specific heat is known as Dulong and Petit's law:

Cv=3NAkB=3R

Thus it can be seen from the classical expression that specific heat is independent of

temperature. This agrees with experimental observation only at infinite temperature, but
fails at low temperature because it does not take into account quantisation of atomic
vibrations. Einstein proposed that the temperature dependence of specific heat results
from the quantum nature of the phonons, thus the quantum behaviour of a harmonic
oscillator has to be included in the expression for specific heat:

U = 3NAhd(n) +~
Where <n> is the average phonon number. This expression rearranges to:

t t V
« V

C=3R f*(*)
\ 1 /

where TE is the Einstein temperature. This equation shows increasing specific heat with

increasing temperature and reproduces the Dulong-Petit rule at infinite temperature

(where a constant behaviour, 3R, is observed at high temperature). As this equation only
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takes a single phonon frequency into account the eqaution does not reproduce the T law
observed experimentally.

Debye extended Einstein's treatment by including the phonon spectrum given by the
classical density of states expression, giving specific heat from:

C=9R
r j x3
\®D J

Fd(x)

Specific heat is now seen to increase with T3. As will be shown later, specific heat

capacity has two contributions: vibration of atoms around the equilibrium position and
translation of electrons to higher energy states.

At T=0K: Cv = 0
3 • *3

At low T: Cv - AT , i.e. specific heat increases with T .

Above 9d (Debye temperature at which the mean thermal energy of an oscillator is equal

to a single quantum step fio)max, where comax is the frequency of the oscillator): Cv « 3R «

25Jmol"1K"1 (R=8.31Jmor1K"1); i.e. a constant value of 3R is reached (Fig.3.17).
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Fig. 3.17 Heat capacity as afunction of temperature
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Thermal conductivity is related to heat capacity, and is a means of quantifying heat

transfer, i.e. the rate at which heat flows through a certain area of a body. It is given by
Fourier's equation:

d-l = -kAd-L
dt dx

Where q is heat flux (flow) per unit area per unit time: [q] = Wm"2, in the x direction

through the area A, during time t, where dT/dx is the temperature gradient and k is the
thermal conductivity: [k] = Wm^K'1 (minus sign symbolises heat flow from hot to cold)

(Fig.3.18).
Area A

dx

Heat ► Thermal power dQ/dt

Temperature drop dT/dx

Fig. 3.18 Schematic heatflow diagram.
As was said earlier the heat is transported in solids by lattice vibration waves (phonons)
and free electrons. Thus the total thermal conduction is the sum of these pathways:

k = kj +ke

Where k/ is lattice vibration thermal conductivity and ke is electron thermal conductivity.
In metals/alloys there is a strong correlation between thermal conductivity ke and
electrical conductivity a expressed in the Weidemann-Franz-Lorentz law:

k
— = constant
crT

where T is the temperature. The constant has the same value for all metallic conductors.

Although a good approximation at room temperature, once again this equation becomes
inaccurate at low temperatures as T approaches absolute zero. But the equation shows
that heat conduction like electrical conduction in metals is mostly entirely by free
electrons. In semiconductors and insulators there is no correlation between k and a, as

heat conduction is essentially due to phonons. Although conduction by phonons occurs in
all materials, in metals, where the predominant conductivity is due to the flow of

electrons, it is greatly reduced due to scattering of the free electrons by phonons. There
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are some materials in which the thermal conductivity is due to the combination of
electronic and phonon contributions.

Thermal expansion is defined either as linear coefficient of thermal expansion [ai] = K"1:
AI
-a, ■ AT

'o
or as volume coefficient of thermal expansion:

AV

V vv 0

au AT

As a general rule, with a number of exceptions, thermal expansion is inversely

proportional to the melting point of the material as this is related to the interatomic forces
and separation:

«/« yTmP
The greater the atomic bonding energy, the smaller the value of ai. ai for different
materials is found typically to be in the ranges:

• Metals 5xl0"6 - 25xl0"6 K"1

• Ceramics <0.5xl0"6 - 15xl0"6 K"1

• Polymers 50xl0"6 - 400xl0"6 K"1

3.3.2 Lattice Vibrations

In a crystal, each atom cannot behave as an independent oscillator, due to strong

interatomic forces. Thus the movement of each atom affects and is in turn affected by the
movement of neighbouring atoms. When atoms move they move in a phase-related way,

producing wave motions. Elastic vibrational waves in solids are produced by internal
thermal motion of atoms and molecules. When an elastic vibrational wave moves along
the direction, for example, of the cube edge [100], face diagonal [110] or body diagonal

[111], planes of atoms move in phase with corresponding displacements. Two main types

of displacements are longitudinal (Fig.3.19), induced by the longitudinal acoustic wave

and transverse (Fig.3.20), induced by the transverse acoustic wave. A third type of

displacement is caused by the optical wave (Fig.3.21).
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Fig. 3.19 Longitudinal acoustic wave
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Fig. 3.21 Optical wave

In the acoustic branch neighbouring atoms vibrate in phase, and for the optical branch
different atoms vibrate in opposite directions.

Atoms in a crystal are always undergoing thermal vibrations around their mean position.
The amplitude of these oscillations always increases with increasing temperature. The

amplitudes also differ for different atoms in the same structure, and for the same atom in
different directions. A diatomic molecule vibrates with a potential energy which depends
on the square of the displacement from equilibrium. The energy levels are quantised at

equally spaced values (Fig.3.22). This simple harmonic oscillator has energy levels given
by:
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Fig. 3.22 Simple harmonicpotential energy curve as afunction ofinternuclear separation
producing harmonic oscillations

In the many planes of atoms in crystals, the collection of oscillators in thermodynamic

equilibrium have an energy distribution that follows Boltzmann's law. From this it can
be seen that at any temperature, the r.m.s. amplitudes will be large for low frequency
oscillations, and small for high frequency oscillations: i.e. the r.m.s. is inversely

proportional to the frequency of the oscillation. Low frequencies mean low force
constants and thus weak forces.

Simple harmonic oscillators are an unrealistic picture of lattice movements and do not

give rise to thermal expansion. Thermal expansion is a consequence of anharmonic
thermal oscillation (Fig.3.23). Atoms with an anharmonic potential well expand on

heating, because the additional kinetic energy allows atoms to move more to stretch the
bond than to compress it.
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Interatomic distance-

Fig. 3.23 Anharmonicpotential energy as afunction of interatomic distance producing
anharmonic thermal oscillations.

Large anharmonicity produces large thermal displacements and thus weak forces. Thus
weak cohesive forces are associated with large thermal expansion coefficients.

The Gruneisen theory of thermal expansion relates the linear thermal expansion
coefficient a to the specific heat as: i

"

The summation is over normal vibrational modes, where B=-JP/JlnV is the bulk modulus

(the inverse of compressibility), c; is the specific heat contribution of a single mode and y;

= -(81nc0j/51nV) is the Gruneisen parameter which measures the contribution of each
vibrational mode to thermal expansion. The Gruneisen parameter is defined as a measure

of anharmonicity and is related to specific heat Cv as:

r(7>3Ba/Cv

Where Cv is the molar specific heat at constant volume.

At fixed volume the expansion coefficient is nearly constant for temperatures above the
Debye temperature [9, 10], while at zero pressure the expansion coefficient continues to
increase with temperature.
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3.3.3 Negative thermal expansion

There are two main sources of expansion, which may simultaneously contribute to the
overall expansion:

• bond-length expansion - simple structures such as cubic systems, which prevent

angular distortion, have a rough empirical rule: "the mean linear expansion
coefficient is inversely proportional to the square of the electrostatic valence"[9].
As was described earlier, the atomic vibrations about their positions will be
increased with increasing temperature and the increase is proportional to

interatomic forces

• bond-angle changes - In 3D network structures with strong bonds, changes in

angle may be brought about by either the distortion of polyhedra, without change
of orientation, or tilts of polyhedra relative to one another without shape change.
If the arrangement of polyhedra goes from a cubic system to a distorted system

negative thermal expansion is observed

One of the reasons for the negative thermal expansion is the tilting of the octahedra. In
the ideal cubic perovskite structure, where the cation, B, is in the centre of the octahedra,
the B-O bondlength is d, the lattice parameter a=2d. In a system with rigid octahedra,

rotating one octahedra causes its immediate neighbour to rotate in the opposite direction,

reducing the separation between neighbouring B sites (Fig.3.24).

Fig. 3.24 Tilting of the octahedra in the idealperovskite thus reducing the unit cellparameter

(a) (b)
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The rotation of the octahedra arises from the lattice vibrations, and the rotation angle
defines the amplitude of the vibration from:

The thermal expansion is related to unit cell parameter a as:

a=2d(l+aT)

a oc -kBd I co 2
The value from this equation is negative indicating a negative thermal expansion. This,

however, is an over-simplification of negative thermal expansion causes, as other factors
such as lattice vibrations, including the stretching of bonds, can lead to positive thermal

expansion.

The thermal expansion is dependent on the electrostatic forces within the lattice, and
these are a function of the concentration of positive and negative charges and their
distances within the lattice, thus thermal expansion will increase if the attraction forces
decrease. In reducing conditions there is an oxygen loss from the lattice; this would have
an effect of decreasing the electrostatic attraction, and a resultant increase in the thermal

expansion coefficient [II]. In this way the thermal expansion is influenced by the oxygen

vacancies and reduction. The degree of influence depends on the type of structure, the
number of oxygen vacancies and whether any structural changes are observed upon

reduction.

From this equation the change in the lattice parameter becomes:
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4.1 Nb205-Ti02 system

4.1.1 Phase diagram

0 20 40 60 80 100

Molar Ratio [%]

Fig. 4.1 Phase diagramfor Nh20s-Ti02 [1]

Due to their high electronic conductivity niobia based rutile materials make good
candidates for use as fuel cell electrode component materials in SOFCs. The addition
of TiC>2 increases the thermal expansion of M^Os and prevents its negative thermal

expansion between 200°C and 600°C. It also facilitates the reduction ofNb2Os to the

Nb02 rutile type structure and improves its sinterability. Niobium titanates have a

number of possible phases as shown in (Fig.4.1). A 1:1 mixture of Nb205 - Ti02

produces M)2Ti07, which is then reduced to Nb1.33Tio.67O4, a double rutile-type
structure like Nb02.

The addition of Ti02 increases both the unit cell and the thermal expansion coefficient

ofH-Nb205, from 1.76xl0"6 K"1 to 2.31xl0"6 K"1 [2], The theoretical density is also
lowered by addition of Ti02, from 4.55 gem"3 to 4.33 gem"3. Reducing Nb2Ti07
increases the theoretical density of4.55 gem" to 5.38 gem" for Nb1.33Tio.67O4.
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4.1.2 Structure

A least squares refinement was performed on the M^TiO? sample (Table 4.1). Using
literature starting values [3,4] two unit cells can be determined, both of which are

interchangeable by a 45° rotation about the b axis (Fig.4.2).

Table 4.1 Refined unit cellparametersfor NbfTiO? using literature unit cell

parametersfor starting values

Starting values Using ref.[3] Using ref.|4|
Symmetry Monoclinic I Monoclinic C
Cell a 17.6755 (9) 20.3610(11)
Cell b 3.79876 (20) 3.79877 (20)
Cell c 11.8861 (5) 11.8861 (5)
3° 95.344 (3) 120.194(3)

Cell Volume 794.62 (9) 794.63 (9)
Space group I2/m C2/m

Z 6 6

Fig. 4.2 Schematic diagram ofthe two types ofunit cell in a monoclinic system going

from side centred C (red) to body centred I (blue) lattice.
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Fig. 4.3 X-raypowder diffractionpatternfor NbfTiO?

The structure of both the oxidised, M^TiOy, and the reduced, Nb1.33Tio.67O4, forms

have been reported previously by several authors [3, 4, 5, 6, 7], When oxidised the
structure ofNbyTiO? has a complicated structure with a monoclinic unit cell, (C2/m)
with a=20.36A, b=3.80A, c=11.89A and (3=120.19° (Fig.4.4).

In this structure Ti4+ and Nb5+ both occupy the same crystallographic site. This is

mainly due to their similar ionic radii (0.60A and 0.64A respectively) and both co¬

ordinate oxygen predominantly in octahedra [7], The two kinds of metal atoms are

thus disordered, and the average population of any one site is l/3Ti and 2/3 Nb. Each
metal atom is co-ordinated to six oxygens forming an octahedron. These octahedra
can either share corners to form linear strings, or edges to form a zig-zag string. This
structure has a monoclinic shear, in which zig-zag strings of octahedra sharing corners

are shifted with respect to each other to produce additional edge sharing to corner

sharing octahedra (Fig.4.4)
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Fig.4.4 NbfTiO-j unit cell drawn using atomic coordinatesfrom ICSD [7],

Reducing M^TiO? produces a double rutile-type structure of stoichiometry
Nb1.33Tio.67O4. The structure is tetragonal (P42/mnm) space group, with a unit cell of a
= 4.76A and c = 3.00A (Fig.4.5), consisting of chains of octahedra sharing corners

(Fig.4.6). Upon reduction the theoretical unit cell density increases from 4.33 gem"3 to
5.38 gem", oveiall a 20% inciease.

*Vaseline Peak

Fig.4.5 Stoe x-raypatternfor Nb1.33Tio.67O4
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Fig. 4.6 Nb1.33Tio.6TO4 octahedra sharing corners

Complete oxidation of Nb1.33Tio.67O4 was achieved in 4 hours with a final mass

change of d.63%. The theoretical weight change expected for the fully reduced
sample is 4.63%, indicating that one oxygen per formula unit is lost in the reduction of

Nb(V) to Nb(IV) (Fig.4.7). There is no clear indication that Ti(IV) is reduced, as was
also suggested by Wadsley [7], In contrast to oxidation, reduction is a much slower

process, taking a minimum of 36 hours and up to 72 hours to complete, depending on

sample density, and is thus not easily monitored by TGA.

Thermogravimetric Analysis of the oxidation of Nb0 67Ti0 33O7

Time (min)

Fig. 4.7 TGA oxidation run with increasing temperature in air.

99



Chapter 4-Nb205-Ti02 and Nb02-Ti02 Systems

Although the oxidation run in the TGA took <4 hours, the reduction run done on the

Nb2Ti07 powder showed little reduction after 10 hours at 900°C. This shows that the

kinetics of reduction are much slower than those on oxidation.

4.1.3 DC Conductivity studies

Conductivity was measured as a function of temperature in dry 5% fVAr, and wet

(3%H20) 5%H2/Ar. Nt^TiO? has a low conductivity of 4.1±0.5xl0"3 Scm"1 in air at
900°C. When reduced in dry 5% H^/Ar, Nb1.33Tio.67O4 is a semiconductor with a high
electronic conductivity of 300±20 Scm"1 at 900°C, in agreement with that reported by
Reich et al [8],

In wet 5% IVAr (1016 atm), the conductivity is 40-41 Scm"1 at 900°C (Fig.4.8). X-

ray studies have shown that in wet hydrogen a similar phase to M>2Ti07 is present

with a larger unit cell of a=20.387A, b=3.8030A, c=11.9038A, (3=120.215°. TGA

data indicated a phase with a stoichiometry ofNb2Ti07-s, where 5=0.04-0.09.

Temperature (°C)

Fig.4.8 Geometry corrected conductivityplot vs temperature ofNb1.33Tio.67O4 in dry
and wet hydrogen atmospheres.
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Although the fully reduced sample showed a strong dependence on temperature, with
a conductivity drop from 300 Scm"1 at 900°C to 30-32 Scm"1 at 200°C, the partially
oxidised sample in 3%H20/5% H2/Ar showed less dependence on temperature, with

conductivity dropping from 40-41 Scm"1 at 900°C to 25-27 Scm'1 at 200°C. Thus the
Arrhenius plot of Nb1.33Tio.67O4 (Fig.4.9) shows higher activation energy for the
electronic conduction of 0.22±0.02 eV in dry hydrogen than in wet hydrogen, where
activation energy is 0.09±0.01eV. The activation energies of the electronic conduction
are typical of a good polaronic semiconductor
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1000/T
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Fig. 4.9 Arrheniusplot ofNb1.33Tio.67O4 in dry andwet hydrogen atmospheres

Earlier studies [8], have shown that the conductivity dependence upon p(02) of
Nb1.33Tio.67O4, shows n-type behaviour, where on re-oxidation conductivity shows a

p(02)"1/6 dependence at p(02) < 10"17 atm. A sharp step was observed in the
conductivity at p(02) = 10"17 atm, which may be indicative of the phase change due to
the step in the stoichiometry of Nbo.67Tio.33O2, i.e. Nb02 to Nb02.5. The two

equilibrium points measured in dry 5%H2/Ar, at 10"20 atm at 900°C, and wet

5%H2/Ar, at 10"16 atm at 900°C, show the slope to be p(02)=0.22±0.01, i.e. p(02)"1/4
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In my study the p(C>2) conductivity ofNbo.67Tio.33O2, also showed n-type conductivity.
The maximum conductivity observed was 300 Scm"1 at 900°C and p(C>2) = 10"20atm.
Nbo.67Tio.33O2 has very slow oxidation kinetics thus (Fig.4.10) shows that the
oxidation run is too fast for the sample to achieve "equilibrium" at any one partial

pressure.

2.60

2.50

2.40

2.30

o 2-20
w

c
2.10

cn
o

2.00

1.90

1.80

1.70

-20

Fig. 4.10 Conductivity plot ofNb1.33T10.67O4 as afunction ofp(Of}

4.1.4 Thermal expansion data

Nb2Ti07 exhibits a low thermal expansion coefficient (TEC) of 2.38±0.05xl0"6 K"1
(100°C-900°C) when sintered at 1400°C. When reduced to Nb1.33Tio.67O4 the TEC is
increased to S.OOiO.OSxlO"6 K"1 (100°C-900°C) (Fig.4.11 and Fig.4.12). Density
studies have indicated a slight dependence of TEC on density of the sample, in which
the increase in density causes a decrease in TEC of Nb2Ti07. The average thermal

expansion coefficient (100°C-900°C) of M>2Ti07 increases to 2.73±0.05xl0"6 K"1
when sintered at 1200°C rather than 1400°C, and 3.74±0.05xl0"6 K"1 when sintered at

1000°C.

log p02
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100 200 300 400 500 600 700 800 900
Temperature PC

Fig. 4.11 The technical a curve for NbfliOj with different densities and Nb1.33Tio.67O4
rutile phase. The technical a reference temperature is 100°C.

Temperature PC

Fig. 4.12 Physical a curve for NbfTiOi with different densities andNb1.33Tio.67O4 rutile

phase.

______ Nb2Ti07 58.40% dense

Key: ______ NthTiO? 63.25% dense

NbjTiO, 82.91% dense

Nb1.33Tio.67 O4
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At low densities, especially in materials with low thermal expansion coefficient, the

expansion of the pellet on heating can be an important factor in the thermal expansion

measurement, rather than the expansion of the unit cell. The difference in the thermal

expansion coefficient can be as high as 15% between samples with high and low

density. Denser samples should give a more accurate thermal expansion coefficient.

Increasing the titanium content in the structure increases the thermal expansion
coefficient. Thus for Tio.5Nbo.5O2.25 the thermal expansion 3.36±0.05xl0"6K"1 and on

reduction to a rutile structure, Tio.5Nbo.5O2, this increases to 4.48±0.05xl0 K'1.

The variation of aphys with temperature for each sample is shown in (Fig.4.12). As
was explained in Chapter 2, the physical expansion coefficient is the slope of the
relative length-change curve when T2-Ti« 0, i.e. ST = infinitesimally small

temperature difference:

/7a_ 1 dL(T)physi ) ^ ' dT

L (T) = Sample length at temperature T and Lo is the sample length at room

temperature. Hence the variation of the thermal expansion coefficient with

temperature as seen in (Fig.4.12) shows an overall increase in the thermal expansion
coefficient (aphys) until about 700°-750°C. Between 750° and 950°C the thermal
expansion of the material reaches a constant steady value. This was seen to be true for
samples with different density.

Fig.4.11 shows the technical alpha curve, defined as:

„ m 1 ^ 1 Wt^
L0 &T L0 (T-Ta)

and is the average expansion coefficient for the temperature interval Tupper Tlower,

where Ti0Wer is set to 100°C. As can be seen, the average thermal expansion increases
with temperature.
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4.1.5 Single Cell Testing

Tests were performed to evaluate Nb1.33Tio.67O4 as an electrolyte-supported cell anode
current collector, to compare its performance with the standard Ni/8YSZ. Cells with
tubular geometry were used in the form of 2mm diameter tubes. M>2Ti07 cells were

heated in air then reduced with 20ml/min dry H2. Cells were then loaded at 0.7V and
current versus time was measured every 30 seconds for 110 hours (Fig.4.13). At
850°C Ni/YSZ power outputs of 150-200mWcm"2 were reached. In comparison,
Nb1.33Tio.67O4 showed power output of 5.5-7.2 mWcm"2 at 850°C, and the power

output was seen to increase with time. However the electrochemical activity is not

sufficient to use as a single phase anode but as a partial replacement for Ni in the
Ni/YSZ cermet.

Evaluation of NI^TiOj as an Electrolyte Supported Cell
Anode Current Collector Dip

Tim© (Hours)

Fig. 4.13 Power as afunction of time in the NbfTiOj slurry dip

Although Nb1.33Tio.67O4 has much lower power output than Ni it has shown better

stability at operating temperature.

Voltage-Current data were measured by fixing the voltage and recording the current

between OCV and 0.2V, at 850°C, 800°C and 750°C, with gas flow rates of 20ml/min
and 10 ml/min (Fig.4.14).

105



Chapter 4-Nb2Os-TiO- and Nb02-Ti02 Systems

Although the power output shows a dependence on temperature, there seems to be
little dependence on hydrogen gas flow rate, other than at a higher temperature of
850°C. As the fuel consumption does not increase significantly with an increase in

gas flow rate the electrochemical processes must be rate limiting rather than the

availability of fuel at the electrode.

Voltage as a function of current at different temperatures and gas flow rates in Nb1.33Tio.67O4

1.400
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1.000

9 0.800
o>

I
> 0.600
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0.000

0.000 0.200 0.400 0.600 0.800 1.000 1.200 1.400 1.600 1.800 2.000

Current (mA)

Fig. 4.14 Current as afunction ofvoltage at different temperatures and hydrogen flow
rates

4.1.6 Doping of Nl^Os-TKh

As already mentioned, although the electronic conductivity of Nb1.33Tio.67O4 is
favourable for use as a fuel cell current collector the thermal expansion is rather low,
with S.OOiO.OSxlO"6 K"1 (100-900°C). To compare that with other fuel cell

components:

YSZ 10.3 x 10"6 K"1

NiO 14.1 x 10"6 K"1

Ni metal 16.9 x 10"6 K"1

30% Ni/YSZ-12.5 xlO-6 K"1

♦ 850°C 20ccm

w
■ 850°C 1Ocean

mx m
800°C 20ccm

•X
x 800°C lOccm

•X X ♦ ■
x 750°C 20ccm

•XX ♦ ■

•XX ♦ ■

• 750°C lOccm

•XX ♦

• X X ♦ ■

• X X ♦ ■

• X X ♦ ■

1 1 r
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A match in TEC between the fuel cell components is required in order to avoid

cracking and separation between components at high operating temperatures of 700-
900°C.

Doping is a common way ofmodifying the properties of materials, from conductivity
to sinterability and thermal expansion, thus attempts have been made to dope
Nb1.33Tio.67O4 with Zr, Fe, Ce and V.
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4.2 Nb205-Ti02-Zr02 system

4.2.1 Structure

Although the structure of doped M^TiOz does not change, doping NbaTiO? with Zr
increases the unit cell of oxidised and reduced materials almost linearly with dopant
concentration (Fig.4.15). The least squares refinement performed on Nb2Tii.xZrx07,

using previously refined Nt^TiO values as starting values, showed an increase in the
size of the unit cell with increasing Zr content; this is as would be expected from the
ionic radius of Zr4+ (0.72A, CN=6), which is larger than the ionic radius of Ti4+
(0.60A, CN=6), that is being replaced (Table 4.1). No additional phases were

observed for any samples up to 25% Zr dopant level.

Table 4.1 Refined unit cellparameters and thermal expansion coefficient ofZr doped
Nbfi'iO?

sample a b c P V TEC 300-900°C

10-6K4 (±0.05)

Nb2Ti07 20.3610(11) 3.7988(2) 11.8861(5) 120.194(3) 794.63(9) 2.59

Nb2Ti0.95Zr0.05O7 20.4104(10) 3.8061(2) 11.9160(5) 120.201(2) 800.03(8) 2.74

Nb2Ti0.90Zr0.10O7 20.4328(10) 3.8079(2) 11.9308(6) 120.205(3) 802.25(9) 3.53

Nb2Tio.85Zro.15O7 20.4878(15) 3.8144(3) 11.9646(8) 120.208(3) 808.05(14) 2.85

Nb2T io.8cZro.20O7 20.5055(14) 3.8168(2) 11.9718(8) 120.215(4) 810.34(11) 1.72

Nb2Tio.75Zro.25O7 20.5381(10) 3.8213(2) 11.9940(6) 120.219(2) 813.39(9) 3.33

Nb2Ti0.50Zr0.50O7 ] 3.53

Nb2Ti0,25Zro, 75O7
1
r Multiphase with M^Os-TiC^-ZrC^ phases 3.12

Nb2Zr07 J 3.81

The saturation point for substitution of ZrC>2 into Nb2TiO? is -25% after which other

phases including ZrC>2 are seen in the samples.
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Fig. 4.15 Change in the unit cellparameters (5, a, b and c with increasing Zr doping
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There is no clear and simple relationship between the unit cell size and the thermal

expansion coefficient. Doping with Zr shows little change in the thermal expansion

coefficient, and this seems to be independent of the unit cell size (Table 4.1).

Although substituting Ti by Zr produced single phase samples, substituting Nb by Zr,
i.e. Nb2-xTiZrx07-y introduces oxygen vacancies into the structure. This deviation
from the oxygen stoichiometry produced additional TiC>2 rutile phase (Fig.4.16), as

indicated by the peak at 21.2° 29. Table 4.2 shows the unit cell parameters of

Nb2-xTiZrx07-y and Nb2Tii.xZrx07 to be increasing with dopant concentration.

COIIt#

Fig. 4.16 Philips X-raypatternfor NbI90TiZro.i06.95

Table 4.2 Refined unit cellparameters ofZr dopedNbfTiO- showing the unit cell ofZr
substitutedfor Ti (black) and Zr substitutedfor Nb (blue)

a b c P V

Nb2Ti07 20.3610(11) 3.7988(2) 11.8861(5) 120.194(3) 794.63(9)

Nb2Ti0.95Zr0.05O7 20.4104(10) 3.8061(2) 11.9160(5) 120.201(2) 800.03(8)

Nbi ,9oTiZro. 10O6.95 20.4166(12) 3.8063(2) 11.9190(7) 120.185(3) 800.64(10)

Nb2Tio.80Zro.20O7 20.4855(14) 3.8128(2) 11.9618(8) 120.219(4) 807.34(11)

Nbi .80TiZr0.20O6.90 20.4598(22) 3.8111(5) 11.9464(14) 120.168(6) 805.35(20)
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On reduction of Nb1.90TiZr0.1O6.95 no Ti02 rutile phase was observed (Fig.4.17),

indicating that Zr is incorporated into the structure with no significant increase in the
unit cell (Table 4.3), and may be replacing Ti in the structure. This is due to similar
ionic radii ofNb(IV) and Zr (IV) of 0.69A and 0.12k respectively.

Table 4.3 Refined unit cellparameters ofZr doped Nb2Ti07 and reduced at 900°C

Nbt.33Tio.67O4 Nb 1 i22TiQ,67Zro,o604
Symmetry Tetragonal P Tetragonal P
Cell a 4.7563 (3) 4.7597 (5)
Cell c 2.9983 (2) 3.0088 (3)
Cell Volume 67.830(11) 68.165 (15)
Space group P42/mnm P42/mnm

&
I
B

OW
10.0 20.0 30.0 40.0 50.0 DO 70.0

w'Wm—kt-
80.0 2Theta

Fig. 4.17 PhilipsX-ray patternfor Nbi.27Tio.67 Zro.ofh

Reduction of Nb2Tii.xZrx07, as in the parent Nb2Ti07 structure, produces a

superstructure based on a rutile-type subcell, with a space group of P42/mnm and the

general formula of Nbi.33Ti0.67-xZrxO4 (fable 4.4). As is observed with the oxidised
samples there is an increase in the size of the unit cell with increasing Zr content. No
additional phases were observed with powder diffraction x-ray technique (Fig.4.17).
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Table 4.4 Refined unit cellparameters and thermal expansion coefficient ofZr doped
Nb1.33Tio.67O4

%Zr a c V~ c/a TEC 300-900°C

lO^"1 (±0.05)

Nt>l 333Tio 667O4 0 4.7563(3) 2.9983(2) 67.830(11) 0.6303 3.21

Nbi .333Ti)634-Zr0 033O4 5 4.7623(4) 3.0033(3) 68.112(13) 0.6306 3.20

Nbi 333Tio.60oZro.o67C>4 10 4.7639(7) 3.0111(5) 68.233(24) 0.6320 6.27

Nbi 333Tf) 567Zro 100O4 15 4.7726(3) 3.0186(2) 68.755(11) 0.6324 6.09

Nbi 333Tio 534Zro i 33O4 20 4.7739(10) 3.0147(6) 68.71(3) 0.6314 5.21

t
i 5000-

1 1 0
1 0 1

A

2 1 1 3 0 1

200
3 1 0

2 2 0

1 1 1

[2 1 0
'Ji.

JLa-Jl

0 0 2
112 321

1202 400"♦ 1-1
'Aluminium Peak

Fig. 4.18 Powder diffraction x-raypatternfor Nb1.33Tio.634Zro.033O4

The unit cell parameters of the rutile phases show a linear increase with the dopant
concentration. This is as would be expected from Vegard's law which expects the

larger size of the doping cation, in this case Zr, to increase the interatomic distance in
the unit cell. The unit cell parameter a increases with Zr dopant and shows a slight
deviation when Zr =10%, and starts to level off at 20% (Fig.4.19).
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Fig. 4.19 Unit cellparameter a as afunction of%Zr doping. Red circle shows a 2

phase region

The unit cell parameter c, however, shows a linear increase with dopant concentration

up to 15% Zr02, but then drops at 20%ZrO2 (Fig.4.20). The x-ray diffraction showed
a presence of ZrC2 peaks. Thus where as the saturation point for the Zr02 doping for
the oxidised sample was -25%, for the reduced rutile structure, the saturation point
seems to be -15%. The edge-sharing c axis in the rutile structure seems to be affected
more than the a/b plane with excess Zr02, however more thorough x-ray and possibly
neutron data is required. No further work was done on structures with higher Zr
doping.
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Fig. 4.20 Unit cellparameter c as afunction of%Zr. Red circle shows a 2 phase

Unit cell volume is also seen to expand in line with the increase in unit cell parameters
a and c (Fig.4.21). There is again a drop in the unit cell volume at 20% Zr, and the
volume is similar to the 15% Zr, again indicating the saturation point at 15% dopant
concentration. The ratio of unit cell parameter c/a increases as a function of dopant

concentration, indicating that the expansion is not isotropic and is larger in the c

direction. Up to 20% doping, in which there is a decrease in the c/a ratio (Fig.4.22),

again indicating that ZrC>2 may not be accepted into the structure due to edge-sharing
in the rutile system.

region
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Fig. 4.21 Unit cell volume as afunction of%Zr. Red circle shows a 2 phase region
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Fig. 4.22 The ratio ofunit cellparameter c/a as afunction of%Zr. Red circle shows a
2 phase region
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4.2.2 Conductivity

The conductivity for all doped samples is predominantly electronic, just as for
Nb1.33Tio.67O4. In 5%H2/Ar there is at first a gradual, then a rapid drop in the

conductivity. After 10% doping, there is a gradual increase in the conductivity.

The decrease in conductivity may be due to one or more of several factors, such as

density effects, defect ordering, or possibly due to the increase in the unit cell causing
an increase in the distance between Nb atoms. As the conductivity is probably due to

Nb electrons in the t2g orbital hopping from one Nb to another, an increase in the unit
cell will tend to have negative effects on the conductivity. There is also a break in the

conducting M-M d orbitals overlap along the c axis due to the presence ofZr atoms.

In wet 5% FE/Ar, p(O2)=10"16, there is an initial increase in the conductivity at 5%

doping, followed by a rapid decrease. The initial increase in the conductivity may be
due to the importance of other factors such as density effects and the contribution of

grain boundaries to the electronic conductivity at low dopant concentrations.
Electronic conductivity shows a maximum at x - 0, with 300 Scm"1 at 900°C in dry
5%H2/Ar (Fig.4.23).

%Zr

Fig.4.23 Conductivity ofNb1,33Tio,67^Zrx04 as afimction ofdopant concentration
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The slopes for the conductivity versus p(C>2) of each sample, in the region of

p(O2)=10"20-10"16 atm., are shown in Table 4.5. There is a general trend for all

samples to have a slope of-1/4 or-1/5, except for the 5% doped sample, which shows
a very low dependence on the p(C>2) up to p(O2)=10"16 atm.

Table 4.5 Slopesfor doped Nb1.s3Tio.67O4 between JO'20-JO'16 atmospheres

%Zr ct Scm"1 10"20 atm a Scm"110"16 atm P(02) dependence
10"20- 10"16atm (±0.02)

Nb] ,333Tio.66704 0 300 40 -0.22

Nbl .333Tio.634Zro.033C>4 5 280 115 -0.10

Nbi ,333Tio.6ooZro.o6704 10 150 13 -0.26

Nbi ,333Tio. 567Zro. 100O4 15 160 28 -0.19

Nbi 333Tio.534Zro.i 33O4 20 180 29 -0.20

4.2.3 Thermal Expansion Coefficient

The thermal expansion of these samples was seen to increase up to 3 times from the
oxidised to the reduced samples (Fig.4.24). Of the oxidised samples Nb2Ti0.90Zr0.10O7
shows the best thermal expansion of S.SSiO.OSxIO"6 K"1 between 300°C and 900°C in
air, however, when fully reduced the 15% doped sample shows the highest expansion
of b.OQiO.OSxlO^IC1 from 300°C in 5%H2/Ar (pO2=10-20 atm) (Table 4.6).

Table 4.6 Thermal expansion coefficients ofNbfTii.xZrxO7 when oxidised andfully
reduced

TEC 300-900°C

10"6K"1(±0.05)
%Zr Reduced Sample TEC 300-900°C

lO'TC1 (±0.05)

Nb2TiOi 2.59 0 Nbi 33Tio,66704 3.21

Nb2Ti0.9sZr0.05O7 2.74 5 Nb] 33Tio.634Zro,03304 3.20

Nb2Ti0.90Zr0.10O7 3.53 10 Nbi ,33Tio.6ooZro,o6704 5.48

Nb2Tio.gsZro. 1 sO? 2.85 15 Nbi ,33Tio.567Zro.i 00O4 6.09

Nb2Tio.8cZro.20O7 1.72 20 Nbi 33Tio.534Zro.i 33O4 5.21
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The thermal expansion of Nb2Tii.xZrx07 initially increases with increasing dopant

concentration, but then drops rapidly (Fig.4.24). Upon reduction all samples showed
an increase in thermal expansion, with the greatest increase shown by the reduced
15% Zr doped Nb2Ti07, i.e. Nb1.33Ti0.57Zr0.10O4 , with the maximum thermal

expansion coefficient of 6.09±0.05xl0"6K"1 at 300°-900°C and 5.99±0.05xl0"6K"1 at

900°C. Thermal expansion is then seen to drop at 20%Zr, which could be related to

the decrease in unit cell volume, i.e. less open structure.

The physical a curve (Fig.4.25) shows that the thermal expansion increases with

temperature for all samples except for the 15% Zr doped, which shows a gradual
decrease in the thermal expansion coefficient with temperature.

% Zr

Fig.4.24 Thermal expansion coefficientfrom 300°-900°C, ofZr dopedNbfTiOj when

oxidised(red) and when reduced to a rutile structure Nb1.33Tio.6iO4 (blue)
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Fig.4.25 Physical a heating curvefor Zr dopedNbj.33Tio.67O2
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4.3 Nb205-Ti02-Fe203 system

4.3.1. Structure

Compounds with the general formula of Nb2+xTii.2xFex07 were synthesised and their

structure, conductivity and thermal expansion studied in their oxidised and reduced
forms. In order to maintain oxygen stoichiometry, 1 Fe and INb were substituted for
2 Ti. Iron is readily incorporated into the structure with no additional phases being

present. Doping with Fe(III) increases the unit cell of both the oxidised and the
reduced material linearly with dopant concentration (Table 4.7). The increase,
however is small compared to Zr doped materials, because the ionic radius of Fe(III)
is 0.64A, similar to that ofNb and Ti, and is significantly smaller than that of Zr. As
such the thermal expansion of these oxidised samples changes little with addition of
Fe, being around 2.0xl0"6K~1 from 300°-900°C. The saturation point seems to be
lower than for Zr doped samples at 10% for the oxidised system.

Table 4.7Refined unit cellparameters and thermal expansion coefficient ofdoped
Nb^TiOv

a b c P V TEC 300-900°C

10"6K_1 (±0.05)

Nb2Ti07 20.3610(11) 3.7988(2) 11.8861(5) 120.194(3) 794.63(9) 2.38

Nb2.025Tio.95Feo.02507 20.3823(11) 3.8026(2) 11.8984(6) 120.202(3) 797.01(9) 2.24

Nb205Tio.90Feo.0507 20.3960(11) 3.8055(2) 11.9057(5) 120.202(2) 798.65(9) 2.00

Nb2.1 oTio.8oFeo.10O7 20.4067(14) 3.8082(3) 11.9143(8) 120.212(4) 800.13(12) 2.20

Nb2.2oTio.6oFeo.2o07 Complex, multiphase system 1.73

Reduction of these samples produces rutile-type structure with a space group of
P42/mnm, with the general formula of Nbi.33+yTio.67-2yFey04. Again there is an

increase in the unit cell size with increasing Fe content (Table 4.8). However, this
time it is comparable to the unit cell shown by the Zr doping, although a little higher,
which is probably due to an increase in the size of the Fe ionic radius with partial
reduction.
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The increase in the unit cell size is not isotropic (Table 4.8), with a larger increase

occurring in the a axis (Fig.4.26). The increase in the a axis is linear withy in the

Nbi.33+yTio.67-2yFey04 system.

Table 4.8 Unit cellparameters and thermal expansion coefficientfor
NbU3+yTio.67-2yFey04

a c V TEC 100-900°C

10"6K_1 (+0.05)

Nbj 333Tio 667O4 4.7563(3) 2.9983(2) 67.830(11) 3.01

Nbi .347T io.639Feo.014O4 4.7575(6) 3.0016(3) 67.963(17) 6.28

Nbj 362Tio.609Feo 029O4 4.7607(3) 2.9975(2) 68.022(10) 4.93

Nt>l .39oTio.S53Feo.057C)4 4.7649(5) 3.0037(3) 68.197(15) 5.00

Nbi 447Tio.439Feo.n4O4 4.7753(8) 3.0076(4) 68.581(13) 4.23

0.02 0.04 0.14

Fig. 4.26 Unit cellparameter a as afunction ofdopant concentration yfor

Nbu3+yTio.67-2yFe/)4.

121



Chapter 4-Nb205-Ti02 and Nb02-Ti02 Systems

4.3.2 Conductivity

DC conductivity studies were also carried out as a function of temperature and dopant
concentration. The conductivity of the reduced forms seems predominantly

electronic, just as for Nb1.33Tio.67O4. It initially decreases with doping followed by an

increase to a maximum at y = 0.057 for Fe doped samples, with 2808cm"1 at 900°C

(Fig.4.27), but then decreases with increasing dopant concentration; dropping to 200
Scm"1.

x

Fig.4.27 Conductivityplotfor Nbi.33+yTio.67-2yFey04 in dry andwet 5%H2/Ar at 900°C

The change in the activation energies with doping is very small. The smallest
activation energy, 0.18±0.01eV, is observed in the 2.5% Fe doped sample (Table 4.9),
while the highest activation energy was shown by 20% Fe doped sample with
0.24±0.01eV. There was no significant difference in the activation energies in

samples run in wet hydrogen; the activation energies being between 0.07-0.09eV. As
with Nb1.33Tio.67O4 all the doped samples show very low activation energies.
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Table 4.9 Showing the activation energiesfor Nbi.33+yTio.67-2yFey04 in wet and dry
hydrogen

Fe dopant level(%) Ea (eV) in dry Wet Ea (eV) in wet

5%H2/Ar (±0.01) 5%H2/Ar (±0.01)

0 0.22 0.09

2.5 0.18 0.07

5 0.22 0.08

10 0.21 0.08

20 0.24 0.08

Fig.4.28 SlopesforFe dopedNbi.33Tio.6704 between JO 20-JO'16 atmospheres

ct Scm"1 10"20 atm a Scm"1 10"16 atm Log p(02) dependence
at 900°C at 900°C 10"20— 10"16atm (±0.02)

Nb,.333Tio.66704 300 40 -0.22

Nbi 347Tio.639Feooi404 196 23 -0.23

Nb] 362Tio.609Feo.02904 214 31 -0.21

Nbi 39oTio.553Feo.05704 280 41 -0.21

Nbj 447Tio.439Feo.n4O4 213 38 -0.19

There is very little difference in the electronic conductivity of the samples in 5% wet

tb/Ar, and the slopes are around -1/5 as a function of p(C>2) (Fig.4.28), between 10"20
and 10"16 atm.
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4.3.3 Thermal Expansion Coefficient

There seems to be no simple relation between the composition and thermal expansion
coefficient in this system. Thermal expansion of oxidised samples decreases with

dopant concentration. The small change in the thermal expansion of the oxidised

sample with doping is reflected by the previously mentioned small change in the unit
cell size. As such we can conclude that there is no significant change in the thermal

expansion coefficient with doping for the oxidised sample.

Once reduced, however, the samples exhibit a large increase in TEC. Initially thermal

expansion increases with doping but, like conductivity, decreases at higher dopant
concentrations. Thermal expansion of 6.28±0.05xl0"6 K"1 was achieved for 2.5% Fe

doped sample measured in 5%H2/Ar (Fig.4.31), but once oxidised the thermal

expansion is reduced to 2.24±0.05xl0"6K"1 in air. This three-fold reduction would be

very problematic under the operation conditions of the fuel cell. As can be seen from

(Fig.4.29), there is a large change in the unit cell volume with reduction, but due to the
difference in the thermal expansion, this change decreases with temperature

(Fig.4.30). As the anode current collector, it will be made in air and then reduced in

situ, thus a large increase in thermal expansion would cause large thermal stresses and

cracking in the fuel cell.
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Fig.4.29Unit cell volume change with temperature for Nb2.025Ti0.95Fe0.025O 7 and
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Temperature (°Q

Fig. 4.30 Change in unit cell volume with reduction as afunction of temperature

(VofNh2.025Ti0.95Fe0.025O7 ~ VofNb1.347Ti0.639Fe0.0i4O4)

Fig. 4.31Thermal expansion coefficient (100°C-900°C) ofFe dopedNbfTiOy when
fully oxidised and reduced
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4.4 Nb205-Ti02-Ce02 system

4.4.1 Doping NbjTiOy with Ce02

CGO as a mixed conductor offers a possible replacement for YSZ in the anode. As

such, a possible doping ofNb2Ti07 with Ce may be of promise. Compounds with the

composition Nb2Tii.xCex07+y were thus synthesised under a range of different

sintering conditions. No single phase, however was achieved (Fig.4.32). This is

probably due to a number of reasons. The much larger size of Ce (0.80A) compared
to Ti (0.61A) and Nb (0.64A), means that any substitution by Ce on a Ti or Nb site is

very difficult. In these patterns TiC>2 rutile phase was observed, along with Ce203 (*)
and CeNbC>4 (+).

* Ce203

+ CeNbO„

3

£

- 5%Ce doped

10%Ce doped

20%Ce doped

Fig. 4.32 X-ray data of5%, 10% and 20% Ce doped NbfhOi

Table 4.10 Refined unit cellparameters ofdopedNbfTiO-,

Nb2Ti07

Nb2Tio.95Ceo.05O7

Nb2T io.9oCeo. 10O7

Nb2Tio.80Ceo.20O7

20.3610(11) 3.7988(2) 11.8861(5) 120.194(3) 794.63(9)

20.360(4) 3.7973(7) 11.8811(20) 120.202(11) 793.9(3)

20.350(19) 3.893(9) 11.869(12) 120.22(6) 812.5(21)

20.375(7) 3.8027(13) 11.895(5) 120.18(2) 796.7(6)
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The refinement of the x-ray data for these samples was very difficult due to high
levels of impurities. In all these samples the unit cell shows very little change from

Nb2TiC>7, indicating that almost no CeC>2 is incorporated into the structure, most likely
due to the large size of Ce(IV) of 0.80A.

4.4.2 Nb2Ti07-Ceo.8Gdo.20i.9 composites

Composites were made by firing pre-sintered powders of Nb2Ti07 with CGO at

700°C-1100°C for 4 hours, which were ball milled together under acetone. 2/3
Nb2Ti07-l/3CGO was prepared and X-ray data along with SEM, and density studies
were performed on the material.
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Fig. 4.33 X-ray datafor 2/3 Nb?TiO7-1/3CGO composite sinteredat different

temperatures between 700°C and 1100°C

X-ray data showed that the reaction of Ce02 with M^Os starts at ~900°C (Fig.4.33)
with the formation of a pale green/lime coloured composite at this temperature, which
becomes red/brown at 1000°C and the brown colour intensifies with increasing

temperature. Similar colour change was observed by J.Sfeir [9] with increasing Nb
content in low Gd concentration solutions (~12%Gd). He found the colour went from

yellow at 4% Nb, to green-yellow for 6% Nb to olive green for 8%Nb.
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Previous study by J.Sfeir [9] used M^Os for the densification of Cei.xGdx02-s, in
which he found that the orthoniobate phase, CeNb04, formed when Nb205 exceeded
its solubility limit of 0.6-0.8% in ceria. Other possible phases such as CeNbsOg,

CeNbsOn GdNb04 or Ce203 were also suggested by J.Sfeir in 6-8% Nb doped
Ceo.88Gdo.l201.94.

It has been reported previously that the colour transition indicates the presence of

Ce(III) [10], The olive-green colour is observed in Ce203. Reports by N.A.Godina et

al[ll] and G.G.Kasimov et al [12] suggested that when Ce is in excess in ceria-niobia
solutions, Ce reduces to the Ce(III) state without affecting the Nb(V) oxidation state.

The reduction of Ce by Nb dissolution can be explained by the substitutional
mechanism.

Doping with elements of valence higher than 4+ will lead to the incorporation of the
excess oxygen as interstitials for low dopant concentration:

xNb2(T
Ce»02 ► Ce*+Nbl:02+,x

or to an electronic compensation, leading to cerium reduction with higher dopant
concentration:

xNb205 „

Ce4^ ► Cef2x(Ce3+Nb5+)2x02+—02

Table 4.11 shows the change in density of the pellet with firing at different

temperatures. There is an almost linear increase up to 1000°C, however, due to the
formation of impurities at 900°C, high sintering temperatures are not possible for the

study of this composite.

Table 4.11 Densification ofNbfTiOy-CGO composite with temperature

Sintering Temp (°C) Peilet density gem 5 (±0.02)
700 2.31

800 2.46

900 2.56

1000 2.63

128



Chapter 4-Nb205-Ti02 and Nb02-Ti02 Systems

4.4.3 SEM Study of density and homogeneity of CGO-NbTiO composite

SEM studies of the M^TiOyCGO composite showed poor sinterability up to 1000°C

(Fig.4.34). Higher temperatures produced an increasingly larger amount of second

phases and no improved sinterability was observed up to 1200°C. Porosity is very

important when considering anode uses and has to be high enough to allow gas

transport to the reaction site, whilst low enough to allow good mass transport. The

porosity of the Ni/YSZ is -30%, optimised for mass transport and strength of the
anode. From Fig.4.34, it can be seen that the porosity of the composite is very high
even when sintered at 1000°C

Fig. 4.34 SEM image ofNbfTiO7 - CGO composite sintered at 1000°C
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4.5 Nb2-xTiiVx07 system

Doping with 5% vanadium decreased the size of both the unit cell and the thermal

expansion (Table 4.12). Additionally, vanadium is very volatile in the structure and at

temperatures of 600°-1000°C readily leaves the structure onto the surrounding
material, e.g. alumina. This material is therefore not suitable for use in a fuel cell
where vanadium can leak onto surrounding components, thus affecting properties and

performance of these materials. As such, no further samples with vanadium were

made in these experiments.

Table 4.12 Unit cell and TEC of5% Vanadium dopedNbTTiO?

a b c P V TEC 300-

900°C lO ^K1

Nb2Ti07

Nbi 95TiV0o507

20.3610(11)

20.3583(25)

3.7988(2)

3.7982(4)

11.8861(5)

11.8840(16)

120.194(3)

120.192(7)

794.63(9)

794.26(10)

2.59±0.05

2.02±0.05

4.6 NbxCrxTi1.2x02

4.6.1 Structure

NbxMxInTii.2x02 (M=A1, Cr or Fe) solid solution materials were first synthesised and
characterised by M.A.Tena et al [13], who found that these materials crystallised with
a rutile structure with a space group P42/mnm, i.e. similar to that of Nbi.333Tio.66704.

They did not, however, report the conductivity of these samples in air or under

reducing conditions. Nbi.333Tio.66704 has a conductivity of ~300Scm"' which is mainly
due to its rutile structure and the free electrons created when niobium is in oxidation

state 4+. It was thus of interest to see if samples containing Cr would show a similar

conductivity to Nbi.333Tio.66704, and to compare their thermal expansion coefficient.

The samples are easily prepared by firing stoichiometric amounts of metal oxides in
air at 1200-1400°C for 72 hours with intermediate regrinding, giving a rutile structure

with increasing unit cell (Table 4.13) related to the increasing amount of Cr. The

samples were seen to go from the green colour of C^Ch to dark red or purple on a

single 24 hour firing at 1200°C. Phase purity was checked by refining the unit cell
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parameters, and these were found to be in good agreement with those reported by
M.A.Tena [13].

Table 4.13 Unit cell and thermal expansion coefficients ofoxidised Tii.2xCrxNbxp2

(black) and of Tii.2xCrxNbxP2S reduced at 1000°C (in blue)

sample a (A) c(A) V (A3) TEC 300-900°C (xlO^K1)
Ti02 4.593(2) 2.961(1) 62.46 7.14-9.19

1 io.8Cr0.iNbo.i02 4.6089(7) 2.9732(4) 63.158(22) 8.57±0.05

Tio.gCro.iNbo.iOi .90 4.6367(6) 2.9821(3) 64.111(19) 8.34±0.05

Tio.6Cr0.2Nbo.202 4.6198(1) 2.9838(1) 63.682(4) 7.35±0.05

Tio.oCro.2Nbo.2O1.95 4.6405(3) 2.9876(3) 64.334(11) 7.19±0.05

Tio.4Cro.3Nbo.3O2 4.6306(1) 2.9947(1) 64.215(5) 6.65±0.05

Tio.4Cro.3Nbo.3O1.97 4.6694(2) 2.9980(1) 65.367(7) 6.82±0.05

Tio.2Cro.4Nbo.4O2 4.6410(2) 3.0055(1) 64.736(7) 6.27±0.05

Tio.2Cro.4Nbo.4O1.98 4.6798(3) 3.0051(3) 65.814(12) 5.71±0.05

cro.5Nbo.502 4.6475(3) 3.0134(2) 65.098(10) 6.04±0.05

Cro.5Nbo.5O1.98 4.6830(5) 3.0104(4) 66.019(18) 5.57±0.05

In the Ti1.2xCrxNbx02 structure as in Nbi.333Tio.66704, Ti, Nb and Cr all occupy the
same crystallographic site, and as was mentioned earlier, this may be due to the
similar sizes of ionic radii of the cations: the ionic radius ofCr3+ is 0.61A (c.f. 0.60 for
Ti4+ and 0.64 for Nb5+). Chromium is most stable in the oxidation state +3 due to the

symmetrical t32g configuration [14], and in the oxidation state +2 it is strongly
reducing (Cr3+/Cr2+ E°-0.41 V)[14], Thus upon reduction it is expected that in

preference to Cr, Nb5 ' or Ti4+ will reduce to Nb4+ or Ti3+ respectively, and hence will
increase the conductivity of this material. No change in structure is expected upon

reduction at 1000°C in 5%H2/Ar.

The TGAs, done in flowing air up to 900°C on pre-reduced samples (Fig.4.35), show
that the degree of reduction decreases with decreasing titanium content (Fig.4.36).
This indicates that Ti is also being reduced, and the high conductivity shows that Nb is

sufficiently reduced. There is no evidence that Cr is reduced to any degree, however,
more work is needed to investigate the degree of reduction of each cation.
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100 120 140 160 180 200
Time (mln)

Fig. 4.35 TGA oxidation run inflowing air

Fig. 4.36 Change in S as afunction ofx in Tii.2XCrxNbx02-s

The unit cell parameters a and c vaguely follow Vegard's law (Fig.4.37), which states

that the unit cell parameters should change linearly with composition. This law

applies to solid solutions formed by random substitution or distribution of ions.

Although Vegard's law is a good guide to certain solid solutions, it is not always

obeyed and departures are seen from linearity, as is also observed in (Fig.4.37) for the
Tii.2XCrxNbx02 series. This is because Vegard's law assumes that the changes in unit
cell parameters with composition are governed solely by the relative size of the atoms

or ions that replace each other in a simple substitutional mechanism. Thus the unit
cell expands if a small ion is substituted by a larger one, and vice versa. In a non-

cubic system, however, the expansion or contraction with composition may not be the
same for all axes, and sometimes one axis may expand and another contract.
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Fig. 4.37 Unit cellparameter a as afunction ofx in Tij.2xCrxNbx02 made in air or
reduced at 1000°C

The departure from Vegard's law may be positive or negative. Positive deviation may

be an indicator of immiscibility domains in the structure, in which the atoms are not

randomly distributed in the structure, but form "like with like" clusters, hence causing
a small increase in the unit cell parameters compared to the random arrangement of
atoms. Negative deviation from Vegard's law may be evidence for a net attractive
interaction between unlike ions. For example, in an A-B system, A-B interaction may

be stronger than A-A or B-B interaction, and in the case where A-B interaction is

strong enough, cation ordering may occur to give a periodic superstructure. Less

strong A-B interaction produces short range cation ordering, over a few atomic
diameters, which crystallographicaly may appear to be disordered and homogeneous,
and may or may not be linked to deviation from Vegard's law.
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X

Fig. 4.38 Unit cellparameter c ofas afunction ofx in Ti i-2xCrxNbxP2 made in air or
reduced at 1000°C

Fig. 4.39 Unit cell volume ofas afunction ofx in Tii.2xCrxNbrO? made in air or
reduced at 1000°C

The expansion of the unit cell is not isotropic. As can be seen from Fig.4.37 there is a

large increase in the size of unit cell parameter a upon reduction. The change in the
unit cell parameter c, however, is much smaller going from oxidised to reduced state

(Fig.4.38) than that for a. The negative deviation from Vegard's law shifts it to the
unit cell size of the oxidised sample. There is also a significant increase in the volume
of the unit cell mostly due to the expansion of unit cell parameter a, and the increase is
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greatest for the reduced sample. The difference in the expansion of the a axis and the
c axis can be related back to the rutile structure seen in Chapter 3 -Theory (Fig.4.40).
The ratio of c/a (Fig.4.41, Table 4.14), increases with x for the oxidised sample,

indicating that the expansion is greater along the c direction rather than in the a

direction. From Fig.4.40 it can be seen that M-M bonds overlap runs in this direction.

By substituting the smaller cation, Ti by the larger Nb and Cr, would increase the

average interatomic distance especially where there is a d orbital overlap in the M-M
bond, in the c axis.

\
^ a

Fig. 4.40 Rutile structure along the a/b and c axis

Table 4.14 c/a ratio in the oxidised and reduced Tii.2XCrxNbx02

Oxidised c/a Reduced c/a

Ti02 0.6447 Ti02 0.6447

Tio.gCro. iNbo. 102 0.6451 Tio.8Cro.iNbo. iO i .90 0.6432

Tio.6Cro.2Nbo.202 0.6459 Tio.6Cro.2Nbo.201.95 0.6438

Ti0.4Cro.3Nbo.302 0.6467 Tio.4Cro.3Nbo.3O1.97 0.6421

Tio.2Cro.4Nbo.402 0.6476 Tio.2Cr0.4Nbo.40i.98 0.6421

Cro.5Nbo.502 0.6484 Cro.5Nbo.5O1.98 0.6428
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Fig. 4.41 Graph ofc/a ratio as a function ofx in the Ti i-2xCrxNbx02

The reduced sample, however, does not follow the same trend, and is seen to decrease

initially, indicating that the increase in the a axis is now greater than in the c axis.
From Fig.4.40 it can be seen that the likely reason for this is the increase in the M-O
distances. When *=0.4-0.5 the expansion is again larger in the c axis. This can be
related to the degree of reduction. As can be seen from Fig.4.42 the average oxidation
state increases as a function of x, showing that the degree of reduction drops with the

decreasing TiC>2 content. When x is 0.1-0.2 the average oxidation state is 3.8 and 3.9

respectively. This would indicate a sufficient oxygen deficiency to increase the

average M-0 distance along the a/h axis. When x = 0.4-0.5 the average oxidation
state is only 3.98, hence the slight reduction in Nb20s and TiC>2 broadens the d bands,

increasing their overlap, thus increasing the M-M distance in the c direction. The
cross over point for the two effects seems to be around x=0.3, with an average

oxidation state of 3 .94.
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Fig. 4.42 A verage oxidation state, n inM"+02-& as afunction ofx in the reduced

samples TiI.2xCrxNbx02-s

From this trend it can also be assumed that Ti02 is being reduced preferentially to

Cr203. The degree of reduction of Nb is unclear, but can be assumed to be the
reduced cation in Cro.5Nbo.5O2.

To understand the change in structure on reduction TEM was performed on the

sample reduced at 1000°C. Preliminary TEM studies were performed on a Jeol JEM
2011 microscope operating at 200 kV and equipped with a double tilt (±20°) sample
holder.

Magneli recognised that in certain non-stoichiometric metal oxide systems, such as

Ti02-X, instead of continuous solid solution formation, a series of closely related

phases with similar formulae and structures exist in an oxide. In oxygen deficient
rutile such as Tin02n-i (n=4, ...,10) or the Tii_2XCrxNbx02 series, regions of normal
rutile structure occur (Fig.4.43), separated from each other by crystallographic shear

(CS) planes (Fig.4.44). CS planes are thin lamellae of different structure and

composition, and all of the oxygen deficiency is concentrated within these CS planes.
With increasing reduction, the variation in stoichiometry increases the number of CS

planes and decreases the block of rutile structure between adjacent planes.
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Fig. 4.43 HRTEM image corresponding to a view down the[010]t ofa tetragonal rutile
domain and its corresponding SAEDpattern (inset) of Tio.2Cro.4Nbo.4O2

Fig. 4.44 HRTEM image ofan oxygen deficient domain, recorded on a different area

of the same crystal, offig.4.41, and in the same direction, showing crystallographic
shear planes of Tio.2Cro.4Nbo.4O2
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In Ti02, reduction of Ti4+ to Ti3+ or Ti2+ results in the formation of vacant oxygen

sites, which are not randomly distributed but are located on certain planes within the

crystal. In order to minimise the layers of vacant sites, condensation of the structure

occurs, eliminating the vacancies and forming CS planes, where the octahedra share
faces rather than edges as in the corresponding unreduced rutile regions.

The Tii.2XCrxNbx02 series, as seen in (Fig.4.43) and (Fig.4.44) produces these CS

planes upon reduction with the spacing between the planes is 8 layers corresponding
to ~24A. The shear planes produce additional peaks seen in the X-ray diffraction

pattern (Fig.4.45) of the reduced Tii.2XCrxNbx02 series.
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Fig.4.45 X-raypowder diffraction pattern ofreduced Tio.2Cro.4Nbo.4O2
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4.6.2 Thermal expansion

Thermal expansion coefficient shows a general increase with reduction, and is related
to the size of unit cell volume. The reduction in the unit cell parameters a or c seems

to correlate to the increase in the thermal expansion coefficient (Fig.4.46), with the
smallest unit cell and the largest thermal expansion corresponding to Tio.8Cro.1Nbo.1O2,
i.e. jc=0.1.

Thermal Expansion Coefficient (x 10 6K 1)

Fig. 4.46 Thermal expansion coefficient as afunction ofunit cell volumefor reduced
and oxidised samples

The thermal expansion decreases linearly with increasing x in the Tii_2XCrxNbx02
series (Fig.4.47), and is smaller for the reduced samples, which may be related to the
increase in the unit cell size and the corresponding decrease in TEC. As can be seen

in (Fig.4.46), the least reduced samples (x=0.4-0.5 highlighted by blue circle), follow
the predicted trend line. Increasing the degree of reduction, however, seems to cause a

deviation from the expected thermal expansion, if it was directly related to the unit
cell volume as suggested by red line in (Fig.4.46). One would expect that the thermal

expansion is also not isotropic and is probably closer related to the expansion of the c

axis.
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Fig. 4.47 Change in thermal expansion coefficient with x in the Tii-2xCrxNbx02

From (Fig.4.47) it can be seen that the change in the thermal expansion upon

reduction is small for all samples, due to reduced and oxidised samples having the
same rutile structure.

4.6.3 Electronic conductivity at constant atmosphere

The members of the Tii.2XCrxNbx02 series shows similar conductivities in air at 900°C

(Table 4.15), however the Arrhenius plot (Fig.4.48) shows the difference in the
activation energies for conduction. The activation energies are between 1.54±0.01eV
and 0.38±0.01eV for oxidised samples. There is a general trend showing two

activation energies, one at high temperature (900°-650°C) which is >leV, and one

below ~650°-7UUuC, which is <leV. Tio.2Cro.4Nbo.4O2 seems to be an exception to the
rule, showing a straight line from 900°C to 250°C, with an activation energy of
0.62±0.01eV for heating and cooling curves.
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Fig. 4.48 Arrheniusplot of Tii.2XCrxNbx02for the conductivity run in air

The reduction of these materials increases the conductivity 1000 fold to -208cm'1 for

samples rich in titanium and 108cm"1 for Tio.2Cro.4Nbo 4O2. The activation energies
are very low, <0.4eV (Table 4.15), and are only slightly larger at higher temperatures.
The lowest activation energy was seen for Tio.8Cro.1Nbo.1O2 with 0.11-0.16eV for the
run in 5%H2/Ar. The general trend is the increase in activation energy with

decreasing amount ofTi and increasing the Cr and Nb content (Table 4.15).

1000/T

Fig. 4.49 Arrheniusplot of Tii.2XCrxNby02for the conductivity run in 5%H2/Ar
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Table 4.15 Electronic conductivities andactivation energies of Tii^CrxNbx()2 in air
and 5%oH2/Ar

ct (Scm"1) Ea (eV) Ea (eV) ct (Scm"1) Ea (eV) Ea (eV)

in air at Heating Cooling 5%H2/Ar Heating Cooling

900°C (T °C range) (T °C range) at 900°C (T °C range) (T °C range)

T io.gCro, 1Nbo. 102 1.53x10"2 1.07(900-680) 1.05(900-680) 20.6 0.11(530-180) 0.12(530-180)

0.38(560-230) 0.37(560-230) 0.16(900-530) 0.14(900-530)

Curve 680-560 Curve 680-560

Tio.6Cr0.2Nbo.202 1.53xl0"2 1.54(900-640) 1.37(900-640) 22.3 0.17(280-580) 0.19(400 -280)

0.77(640-250) 0.71(640-900) 0.26(580-900) 0.21(400 -900)

Tio.4Cro.3Nbo.3O2 1.65xl0"2 1.30(900-750) 1.29(900-750) 21.2 0.23(900-250) 0.24(900-250)

0.75(300-750) 0.64(750-300)

Tio.2Cro.4Nbo.4O2 1.53xl0"2 0.62(900-250) 0.63(900-250) 10.9 0.39(900-635) 0.30 (900-635)

0.32(635-280) 0.33(635-280)

Cr0.5Nbo.502 2.49xl0"2 0.66(700-900) 0.60(900-370) 6.3 0.41 (200-900) 0.43 (900-200)

0.55(700-160)

T ime (hours)

Fig.4.50 Change in conductivity with time at logp(02) <-18.5
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The reduction of these materials takes a long time, even with densities of 70-85%, and
the final equilibrium in conductivity at p(O2)=10'20 is not achieved (Fig.4.50). The
curves in (Fig.4.50) show the time taken from the reduction run region, p(O2)=10~19-
10'20 atm, and the equilibration at 10"20 atm prior to oxidation seen in (Fig.4.51) as the
last set of data after 10"19 atm. The actual conductivities of these samples when fully
reduced are therefore necessarily higher than those reported in this thesis. Slow
reduction kinetics are typical of the niobium based materials and indicate poor surface

exchange rates or a low diffusion coefficient. This shows that investigating the

dependence of conductivity on p(C>2) in these materials is very difficult, requiring

geological times to reach equilibrium. Hence the data obtained from p(C>2)
measurements indicates more of the general trend than actual defect equilibrium.

4.6.4 Electronic conductivity as a function of p(C>2)

Although the reduction run in the p(C>2) experiment is mainly uncontrolled, the region
of p(C>2)of 10"15 to 10~2° atm takes up to 15 hours to traverse. The oxidation run is a

much slower process, taking some 24-48 hours to complete, equilibrium, however,
cannot be guaranteed and most likely has not been achieved.

Fig. 4.51 log eras afunction of logp(02) for Tii-2XCrxNbx02
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Looking at electronic conductivity alone the Tii-2XCrxNbx02 series can be separated
into 2 similarly behaving group of materials (Fig.4.51). Tio.2Cro.4Nbo.4O2 and
Cro.5Nbo.5O2 are very similar materials. In fact, Tio.2Cro.4Nbo.4O2 can be considered to

be Ti02 doped Cro.5Nbo.5O2. As was seen in the previous sections, there is a clear

similarity in the unit cell parameters, the thermal expansion coefficient, electronic

conductivity and the oxidation state when reduced at 900°-1000°C. This would also
indicate a similar electronic conductivity and p(02) dependence (Fig.4.52).

Fig.4.52 log aas afunction of logp(02) for Tio.2Cro.4Nbo.4O2 and Cro.5Nbo.5O2

A very large hysteresis is observed between the oxidation and the reduction run

(Fig.4.52) for both Tio.2Cro.4Nbo 4O2 and Cro.5Nbo.5O2, indicating that the "titration"

point for the oxidation and the reduction reactions are shifted. When oxidised the

samples appear to be stable to reduction up to p(02) -10"4 - 10"5 atm. The following

p(02) region, 10"5-10"15 atm., was traversed too fast and no conclusion about the

samples' response can be drawn from it.
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No reliable slopes can be derived from the reduction runs, due to such slow reduction
kinetics, however a number of possible phase transitions or shear defect formation in
both Tio.2Cro.4Nbo.4O2 and Cro.5Nbo.5O2, can be seen occurring at ~10"15 atm, 10"16 atm,
and 10"18 atm.

The reduced samples show high degree of stability to change in p(02), and the

conductivity changes little with p(02), up to p(O2)-10"4 atm, followed by a rapid drop
in conductivity indicative of rapid oxidation. Neither of these samples returned to

their original a value in air indicating that any structural changes occurring on

reduction, such as shear defects, are "semi-permanent".

For Tio.2Cro.4Nbo.4O2, the increase in the p(02) range from 10"19 to 10"14 atm took 60

hours, and showed a slope with a very small gradient; the conductivity does not start
to drop significantly until p(O2)=10"4 atm, the "titration" point, and the value stabilised
an order ofmagnitude higher than the pre-reduction value.

(Fig.4.53) shows the time scale of the Tio.2Cro.4Nbo.4O2 experiment, showing the

change of log p(02) and log a with time. In the case of Tio.2Cro.4Nbo.4O2, self

buffering can be seen across the "dead" zone of p(C>2)=10"12-10"5 atm. The leak rate of

oxygen was controlled with a needle valve and at two points the leakage rate was

increased in order for the sample to reach p(02) of 10"1 atm.

Fig.4.53 Logp(02)(red) and log a (blue) as afunction of time for Tio.2Cro.4Nbo.4O2.

* shows the stage at which the needle valve was openedfurther
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Fig.4.54 log a as afunction of logp(02) for Tio.4Cro.3Nbo.3O2

Tio.4Cro.3Nbo 3O2 shows a slope of -0.12±0.02 (-1/8) between p(C>2) 10"20 and 10"15 atm

on oxidation (Fig.4.54). As seen for Tio.2Cro.4Nbo.4O2 and Cro.5Nbo.5O2, phase
transitions occur at ~10"15 atm, 10"16atm, and 10"18 atm, seen in both the oxidation and

the reduction runs. The sample did not return to its initial conductivity, again showing

"semi-permanent" structural changes.

The second group is Tio.8Cro.1Nbo.1O2 and Tio.6Cro.2Nbo.2O2, which show similar p(02)

dependence (Fig.4.55). Tio.8Cro.1Nbo.1O2 also shows 2 slopes, one is at p(02) 10"2°-10"
17

atm. with -0.49±0.02, and -0.11±0.02 between 10"16-10"14 atm. These values,

however, are again only to show a difference within this series of materials. The

equilibrium value has not been achieved, which may be indicated by a curve seen in
the oxidation run between 10"18 and 10"13 atm and the hysteresis seen between the
reduction and the oxidation runs. During the reduction and the oxidation run there is a

phase transition at 10"17 atm.
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Fig.4.55 log aas a function oflogpfO^for Tio.sCro.1Nbo.1O2 and TioJCro.2Nbo.2O2

Tio.6Cro.2Nbo.2O2 shows two slopes of -0.32±0.02 at p(02) =10"2°-10"18 atm and -

0.11±0.02 when p(02)=10"18-10"16 atm, and a hysteresis is seen between the reduction
and the oxidation runs. After reduction and re-oxidation the conductivity in air is
lower than that of the original, pre-reduced material. A step-like phase transitions are

seen at 10"14 5 atm, 10"16atm, and 10"18 atm. As before, very little can be said about the
defect equilibrium, but it is clear that in these materials the reduction and the
oxidation reactions seem to be more reversible that those of Tio.4Cro.3Nbo.3O2,

Tio.2Cro.4Nbo.4O2 and Cro.5Nbo.5O2. In fact the hysteresis between the reduction and
the oxidation runs seems to increase with decreasing Ti.

The reduction of Tio.8Cro.1Nbo.1O2, produces oxygen vacancies, where a defect
reaction can be written as:

o0*>V;+U202

In this equation the oxygen vacancy is neutral and the vacancy can lose the two

trapped electrons and become either singly or doubly charged:

v^v;+e'

v;<+v?+e'

148



Chapter 4-Nb205-Ti02 and Nb02-Ti02 Systems

Thus the effective equilibrium can be written as:

[v;\pO^=k\o0]
fcb-K.k 1
[nb=Kk\
where n=[e']
As long as oxygen vacancies and their associated electrons are the main defect in the

oxygen deficient oxide, electroneutrality dictates that: n = [j/j]+2[FrJ*]

For the concentration of oxygen vacancies there are three limiting conditions:
If [loj»M4'"J. 'hen the =K,pO?12
If Yo]»VsV\v~\. then the =(K,Kj
If[f"]» [Vo]+lviJ. 'hen the [V^,= (\/4K,KaKb)"3pO;"6

Previous studies [15], however, on the oxygen partial pressure dependency of TiC>2
rutile structure suggested that a simple defect model in which either the oxygen

vacancies or interstitial titanium defects predominate is inadequate to account for non

linearity, with either temperature or p(C>2), of defect concentration. Kofstad [15], thus

proposed that the defect structure must simultaneously comprise of both the doubly

charged oxygen vacancies and interstitial titanium atoms, with three or four effective

charges, and he proposed the following defect equilibria:

[Fq" ]n2=Ky..pO~u2 (oxygen vacancy equilibrium)
therefore: nocp{02yy^

[77***ln3=K , equilibrium for the formation of triply charged Ti-interstitialsTij ~

therefore: //ecp(02)"13

jn~K.d [Z/*" ], (equilibrium for the ionisation of
here the following electroneutrality condition applies:
3 [r/'"]+4 |n,""]+2 F" J=n
Thus the dependence ofn on the partial pressure of oxygen can be seen to be complex.
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There is no simple equilibrium equation to describe the defect equilibrium, however,
for the doped TiC>2 rutile systems, but from the pC>2 dependencies observed there is a

clear decrease in the slopes with decreasing x in the Tii_2XCrxNbx02 series. The slope
of -1, i.e. oocpCV1, is observed upon reduction, possibly indicating the formation of

charged interstitial cations. The slope of the oxidation curve is also seen to decrease
from -1/2 for Tio.8Cro.1Nbo.1O2 to an almost independent p(02) dependence of
Cro.5Nbo.5O2 and Tio.2Cro.4Nbo.4O2, with the structures in-between displaying a large

range of p02 dependencies indicative of the phase changes throughout the p(02)

range. Although there is a general trend for the slopes to decrease it is questionable
whether these systems really reached equilibrium, even though the oxidation between
10"20 and 10"15 atm took 24-48 hours. As Fig.4.50 shows, the samples take a long time
to reach equilibrium on reduction, which may also be an indication of their behaviour
at low p(02). Thus at this stage it is not possible to comfortably analyse their defect

equilibrium behaviour at these partial pressures, and longer studies are required for
each sample.

The phase change is clearly observed as a step like process for Tio.6Cro.2Nbo.2O2

(Fig.4.55) at 10"16 and 10"14 5 atm., however, it is not clear if the equilibrium has been
reached.
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4.6.5 AC Impedance study

Two-terminal AC impedance was performed using a Solartron 1260 impedance

analyser. The measurements were carried out in air on pre-sintered pellets, of
densities 75-90% of theoretical, with sintered Pt paste on each face.

For all samples, AC impedance showed a visible distinction between bulk and grain

boundary (Fig.4.56), showing good sinterability of these materials, indicated by large
capacitance values associated with grain boundaries. It is interesting to note,

however, that the large observed resistance of the Tio.8Cro.1Nbo.1O2 is entirely due to

the grain boundary contribution, and the resistance of the bulk cannot be seen. The

high grain boundary resistance is due to the relatively low density of the sample, 65%
of theoretical, due to additional regrinding and refiring. As can be seen from the DC

conductivity measurement versus temperature (Fig.4.48), the resistance of
Tio.8Cro.1Nbo.1O2 should be the lowest of all these samples at temperatures below
500°C.
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Fig. 4.56 Geometry and density correctedNyquist Impedance plotfor Tii.2xCrxNbx02
at 378°C
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Cro.5Nbo.5O2
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Fig. 4.57 Geometry and density correctedNyquist Impedance plotfor Cro.5Nbo.5O2 at

174°C

The resistance of Cro.5Nbo.5O2 is too low to be visible in (Fig.4.56), but (Fig.4.57)
shows that the resistance at low temperature is mostly due to the grain boundary
contribution. The bulk resistivity at 174°C is 120 kQcm and the two grain boundaries

are clearly visible, gbl has the resistivity has of 120 kQcm and the second grain

boundary, gb2, is 560 kQcm (Table 4.16).

Refinement of the data using a simple 3 sub-circuits model:

Rl R2 R3 R4

it was possible to fit low temperature impedance data to get the activation energies for
the bulk and the grain boundaries. By 300°C the bulk component has moved to high

frequency and only the two grain boundaries can be seen. The grain boundary is no

longer visible by 500°C. At 100°C the bulk accounts for 25% of the total resistivity,
and this drops to -5% by 200°C. In the modulus plot (Fig.4.58) the bulk capacitance
is seen to increase with increasing temperature which may either indicate the change
in the polarisability of the bulk or may be an artefact of the Solartron instrument itself.
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Fig.4.58Modulusplotfor Cro.5Nbo.5O2from 86°C to 200°C. The arrow shows

increasing temperature

The activation energy of the grain boundaries is low; gbl Ea=0.46±0.02 eV and gb2
Ea=0.37±0.02 eV (Fig.4.59). The total conductivities were plotted in a separate

Arrhenius plot (Fig.4.60), and were found to have Ea=0.68±0.01 eV on heating and
Ea-0.62±0.01 eV on cooling.

£

1000/T (K)

Fig. 4.59 Arrheniusplotfor Cro.5Nbo.5O2for the bulk, the total and the gb
conductivities at low temperatures
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Fig. 4.60Arrheniusplotfor Cro.5Nbo.5O2for the the total conductivity across the

temperature range

Table 4.16 Impedance datafor Cro.5Nbo.5O2

Temperature 174°C

Ea total (eV) Heating: 0.68±0.02

Cooling: 0.62±0.02

R bulk (kQcm) 120

Ea bulk (eV) 0 49±0 02

C bulk (Fcm"1) 1.3±0.1xl0"u

R.gbl(kQcm) 120

Ea gbl (eV) 0.37±0.02

Cgbl (Fcm"1) 9.5±0.1xl0"10

R gb2(kQcm) 560

Eagb2 0.46±0.02

Cgb2 3.5±0.1xl0"9

♦ ■

♦ Total - heating

■ Total - cooling

0 7 0.9 1.1 13* 1.5 1.7 1.9 2.1 2.

♦ "

1000/T(K)
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Tio.2Cro.4Nbo.4O2

Similar to Cro.5Nbo.5O2, three components in the impedance response are clearly

visible; the bulk, which disappears by 300°C, and the two grain boundaries. Although
the grain boundaries are quite distinct at 300°C, they start to overlap significantly by
400°C (Fig.4.61), becoming increasingly difficult to separate.
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Fig. 4.61 Geometry and density corrected bode plotfor Tio.2Cro.4Nbo.4O2 at 303°, 339c
378°, 424°, 476°, and 537°C

Table 4.17 Impedance datafur Tio.2Cro.4Nbo.4O2

Temperature 303°C

Ea total (eV) Heating: 0.75±0.01

Cooling:
R gbl(kQcm)
Ea gbl (eV)

Cgbl (Fern1)
R gb2(kQcm)

Cgb2

0.63±0.01

60

0.93±0.02 heating
0.77±0.02 cooling
9.5±0.5xl0"'

20

l±lxl0'!

,-10
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Although it was not possible to separate the bulk response at these temperatures, the
two grain boundaries again account for the majority of resistance at low temperatures

up to ~600°C. At 300°C the main grain boundary observed at low frequency, gbl,
accounts for -70% of the resistivity (60000 Qcm) and the grain boundary occurring at

high frequency, gb2, accounts for the -25% of the resistivity (20000 Qcm) (Table

4.17).

(Fig.4.62) shows the Arrhenius plot for the total conductivity and that of the main

grain boundary. As well as having different activation energies on cooling, the

sample also showed that the grain boundary resistances are -10 times lower on

cooling. This could either be due to the sintering of grain boundaries at 1000°C or a

partial reduction of the sample, resulting in higher conductivity of the bulk and the

grain boundary components.

1000/T (KT1)

Fig.4.62 Arrhenius diagramfor Tin. -yCrn 4Nho4C)2
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TiqaCtrj.3Nbo.3O2

In this sample there are also three visible components in the impedance plot, and as

before, aside from the bulk, there are two grain boundaries. There is a greater degree
of overlap between the two grain boundaries. When looking at the Bode plot of
Tio.2Cro.4Nbo.4O2 and Tio.4Cro.3Nbo.3O2 (Fig.4.63) at 303°C it can be seen that the

second, higher frequency grain boundary is not as easily distinguishable in the
Tio.4Cro.3Nbo.3O2 and the bulk is now much more resistive, which can also be seen

from the impedance plot (Fig.4.64).
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Fig.4.63 Geometry and density corrected bodeplotfor Tio.2Cro.4Nbo.4O2 (black) and
Tio.4Cro.3Nbo.3O2 (red) at 303°
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Fig. 4.64 Geometry and density correctedNyquist Impedance plotfor Tio.4Cro.3Nbo.3O2
(red) and Tio.2Cro.4Nbo.4O2 (black)at 303°C
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Table 4.18 Impedance datafor Tio.4Cro.3Nbo.3O2

Temperature 303°C

Ea total (eV) Heating: 0.73±0.01 (300-700°C)

1.30±0.01 (700-1000°C)

Cooling: 1.30±0.01 (700-1000°C)
0.66±0.01 (300-700°C)

R bulk (kQcm) 41.5

Ea bulk (eV) 1.30±0.01

C bulk (Fcm"1) 4±lxl0"12

R gbl (kQcm) 115

Ea gbl (eV) 0.84±0.01 heating
0.75±0.02 cooling

Cgbl (Fcm"1) 9.0±0.5xl0"10

The resistivity of the bulk at 300°C was 41.5 kQcm, -25% of the total resistance, and
the two grain boundaries account for the rest of the resistance with the low frequency

gbl having the resistivity of 115 kflcm, accounting for -70% of the total resistance

(Table 4.18), and gb2 accounts for 5% of the total resistance.

2
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Fig. 4.65 Arrhenius plot for Tio.4Cro.3Nbo.3O2
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The Arrhenius plot shows the activation energy for the total conduction and gbl.
From 700° to 1000°C the activation energy is very high at 1.30±0.01 eV, and can be
considered to be an activation energy of the bulk response only, as the grain boundary
contribution to the resistance disappears by 600°C. The total Ea on the cooling cycle
is lower than on the heating cycle at 0.66±0.01 eV (700°-300°C). This may in part be
due to the lower grain boundary resistivity (Fig.4.65), which at 300°C on cooling is
12kQcm i.e. 10 times lower than on heating. The Ea of gbl on cooling is lower than
for heating at 0.75±0.01 eV (700°-300°C).

The bulk response at these temperatures is impossible to separate and data at lower

temperatures is required to study the electrochemistry of these materials in more

detail.

TioeCrojNbojOi

As x is decreasing to 0.2 the bulk resistance is seen to play a major role in the
resistance of the material at lower temperature. As before, at least three components

are visible; the bulk and the two grain boundaries. Only one grain boundary is visible,

however, up to 700°C as there is a very large overlap between the low frequency and
the much smaller high frequency grain honndary

Again there is a change in the material with thermal cycling. The grain boundary is
not only visible with initial heating, but plays a major role in the resistance of the
material accounting for almost 50% of the resistance up to ~700°C. On cooling the

grain boundary is very small and accounts for <5% of the total resistance (Fig.4.66).
This shows a change in the grain boundary with thermal cycling. The possibility of
cation migration or the effect of accumulation of impurities in the grain boundaries
could cause the observed decrease.
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Fig. 4.66 Geometry and density correctedNyquist Impedance plotfor Tio.fIro.2Nbo.2O2
at 303°C on heating (red) and 320°C on cooling(black)

Table 5.19 Impedance datafor TioJGro.2Nbo.2O2

Temperature 174°C

Ea total (eV) Heating: 1.55±0.01 (>600°C)

0.77±0.01 (600°-200°C)

Cooling: 1.37J.0.01 (>600°C)

0.71±0.01 (600°-200°C)
Ea bulk (eV) Heating: 0.69±0.01

Cooling 0.71±0.01

Cbulk (Fcm"1) 5.0±0.5xl0"12

R gbl(kQcm) 120

Eagbl (eV) 0.83±0.01

Cgbl (Fcm"1) 4.0±0.5xl0"10

The total, the bulk and the grain boundary conductivities are plotted in the Arrhenius

plot (Fig.4.67). With heating, the bulk accounts for -50% of the total resistance. On

cooling, however, the bulk is seen to account for the majority of the total resistance
and Ea=0.71±0.01 eV, is the same as that for the total. At temperatures above 600°C
the grain boundary has no or insignificant contribution to the total resistance and the
total resistance, can thus be considered to consist solely of the bulk resistance.
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Although there are at least two grain boundaries, due to the large overlap between
them and the bulk, and the small size of the high frequency grain boundary arc, only
the low frequency grain boundary was analysed. Although on heating it accounts for
-50% of the total resistance, after it disappears at ~600°C, it is not visible on the

cooling cycle. There is a small grain boundary on cooling, but it is not clear whether
it is the low or the high frequency grain boundary due to a large overlap with the bulk.
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Fig. 4.67Arrheniusplotfor Tio.6Cro.2Nbo.2O2

Tio.sCr0. iNbo.)02

Due to the low density of this sample of -68% of theoretical, the impedance data
shows two large, overlapping grain boundaries. Although it is clear that they are

accounting for the vast majority of the resistance up to ~700°C it is not possible to

separate the bulk at temperatures >200°C. Hence only the total resistance was

calculated which gives a straight line across the temperatures in the Arrhenius plot

(Fig.4.68), with Ea=1.07±0.01 eV on heating and Ea=l. 15±0.01 eV on cooling.
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Fig.4.68 Arrheniusplotfor Tio.sCro. iNbo. iO2

162



Chapter 4-Nb;0-Ti0; and Nb02-TiC>2 Systems

4.7 Conclusion

It was originally thought that due to their high conductivity in their reduced form,
niobium titanates exhibit a real promise as a replacement for Ni-current collectors in
SOFC. Nb2Ti07 is reduced to Nb1.33Tio.67O4 which has a rutile type structure, and

complete reduction is achieved in 72 hours. Both phases display n-type conductivity,
and under hydrogen at 900°C, conductivities of up to 200-300 Scm"1 are observed.

Single cell tests on the sample showed a better stability at high temperature and

reducing atmosphere than a dip of pure nickel slurry. Nb1.33Tio.67O4 achieved power

outputs of>0.4Wcm"2 and the power output was seen to increase with time.

In the study of these materials a number of problems associated with this material
were found:

• In its oxidised form M^TiO? has a very low thermal expansion coefficient of
2.59xl0"6 K"1 (300°C-900°C), and in its reduced, rutile form its thermal expansion
is 3.21xl0"6 K"1 (300oC-900°C). The change in the thermal expansion upon

reduction is -25%, which in an operating fuel cell may in itself cause cracking.
• Reducing M^TiOy increases the theoretical density of 4.55 gem"3 to 5.38 gem"3 for

Nb1.33Tio.67O4. Very slow heating rates were required when reducing the sample
undei flowing 5/oIF/Ar, to prevent the cracking of pellets.

• M>2Ti07 when studied as a composite with Ceo.8Gdo.2O1.9, niobium reacted with
ceria at temperatures above 900°-950°C to form CeNb04. Niobium was also seen

to react with ceria when ceria was used as a dopant. Thus Nb1.33Tio.67O4 may

never be used in the CGO anode.

Doping with Zr was successful, but only when substituting for Ti. This is probably
due to similar sizes of Nb, Ti and Zr, leading to increase in the unit cell in both the
oxidised and the reduced samples. In the oxidised form, Nb2Ti07 does not accept

oxygen vacancies, thus when substituting Zr for Nb, Ti02 rutile phase is observed.

Upon reduction, however, Ti02 phase was no longer present, and the unit cell was the
same as that of Nbo.67Tio.33O2, indicating that Zr may go on to the now larger Nb/Ti

site, however more detailed x-ray analysis is required to determine if that is the case.

163



Chapter 4-Nb205-Ti02 and NbO?-TiO? Systems

Doping with Zr02 and Fe203 increased the thermal expansion of the reduced sample
to d^SiO.OSxlO"6 K"1 for 2.5% Fe and 6.09±0.05xl0"6 K"1 for 15% Zr. The mismatch

in the thermal expansion between the reduced and the oxidised sample is still very

high, with a three-fold increase in the thermal expansion coefficient upon reduction.
This makes these materials unsuitable for use in the anode of the fuel cell.

A range of samples were made in the range Nb2Tii.xZrx07 where 0<x>l. Above
-20% dopant level, ZrC>2 impurity was observed indicating that the solubility level has
been reached.

The Tii_2XCrxNbx02 solid solution series was investigated because they crystallise in a

rutile structure, which may facilitate the reduction of niobium and show high

conductivity. With low Cr content x=0.1-0.3, the samples showed good conductivities
of ~20Scm"1 in reducing conditions. The samples, however, did not seem to reach the
maximum conductivity after 48 hours of reduction, thus their conductivity may be

significantly higher than the values reported in this thesis. Large hysteresis and very

slow re-oxidation kinetic were observed in the conductivity as a function of p(C>2)
data. Again, equilibrium in these samples may not have been achieved. The thermal

expansion of these samples was high with S.SVxlO^K"1 for the x=0.1, dropping to

6.04x10"6K"' for the x=0.5. There was little change in the thermal expansion on

reduction, which is important for fuel cell application.

Due to their high conductivities and thermal expansion, these materials show good

promise for use as a current collector. Further work, however is required to increase
the conductivity of these materials to above lOOScm"1 before they can be considered
for that purpose. Impedance studies showed changes in the grain boundary and bulk

properties with thermal cycling. p(C>2) data showed that stability to different oxygen

partial pressures may not be good due to the large difference between the initial

conductivity at atmospheric p(C>2) value and the final, post reduction conductivity at

atmospheric p(02). Hence long term ageing studies at different temperatures and

atmospheres are required in order to examine this phenomenon more closely.
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TEM studies of Tii.2XCrxNbx02-x showed that reduction of Tii-2XCrxNbx02 produces

crystallographic shear defects, which remove oxygen vacancies. This may be
responsible for a change in the conductivities of the bulk and the grain boundary from
heating to cooling, which was seen in the AC impedance data.
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5.1 Introduction

5.1.1 Strontium Niobates: General outlook

SrO-NbjOj

Fig.5.1 Phase diagram of the system Sr0-Nb20s [1]

As can be seen from the phase diagrams in (Fig.5.1) there are many known Strontium
Niobates whose structures and properties have been investigated. When looking for

electronically conducting oxides, niobates are strong candidates due to their high
electronic conductivity upon reduction. As will be discussed later, there have been a

number of studies into the electronic conductivity of strontium niobate phases, but mostly
these were performed below 300K.

The aim of this study was to examine the conductivity of these materials in air and under

reducing conditions, at temperatures up to 900°C. Relating the conductivity to the
structure of the materials may aid in making other niobium based materials with high
electronic conductivity.
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A number of perovskite related phases were synthesised in which the Sr to Nb ratio was

gradually reduced. By increasing the Nb content it is possible to increase the electronic

conductivity. The range of compounds with the general formula of SrxNbyOx+2.5y, moving
towards a higher Nb content, were looked at. These phases were studied:

• Sr4Nb209

• Sr2Nb2C>7

• SrNb206

• Sn.xNbOs

Sri_xNb03 has a normal perovskite structure. The rest of the strontium phases above are a

deviation from this normal perovskite structure, collectively known as the layered

perovskite phases, similar to Ruddlesden-Popper phases. Going along the M^Os-SrO
line on the phase diagram (Fig.5.1), SrNb206 has the first recognisable perovskite type

region, which is linked to other perovskite regions by edge-shared octahedra. This is
different from the layered perovskite phases, the first ofwhich is S^M^Ch, also known a

member of the title series SrnNbn03„+2, where n=4, i.e. Sr4Nb40i4. This phase consists of

perovskite-like slabs cut along the (110), and stacked to accommodate the extra SrO
between the layers(Fig.5.16)[2], The normal perovskite structure is achieved in SrxNb03
where, 0.6<x<l, found just off the midpoint in the M^Os-SrO line on the phase diagram

(Fig.5.1). The only other perovskite related phase on the M^Os-SrO line is Sr4Nb2C>9,
with the highest possible Sr/Nb ratio, and it has a disordered cubic perovskite structure.

As can be seen from the formula unit for the studied phases, the Sr content is being

systematically halved, whilst keeping Nb content the same. Although many strontium
niobates have been studied previously, due to superconducting properties of NbO and
hence the interest in Nb containing materials, few studies have looked at the high

temperature properties of these materials, especially under reducing conditions.

Sri_xNb03 perovskite phases were also looked at, which are known to have very high
electronic conductivity at low temperatures of up to 300K, and superconductivity at

temperatures of 2-9K, but have not been studied at higher temperatures. Thus their

stability in reducing conditions at high temperature were investigated.
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5.1.2 Experimental

SrxNb205+x materials were synthesised by mixing stoichiometric ratios of pre-dried

powders of SrCC>3 and Nb2C>5. The powders were calcined at 1200°C for 24 hours, then
fired at 1200-1400°C (taken from the phase diagram for the appropriate material) for 72
hours, with intermediate regrinding:

1200°C 1200°C-1400°C
nSrC03+ml/2Nb205 p- nSrO I ml/2Nb205 p SrnNbmO(2n+5m)/2

The reduction was done in 5%H2/Ar at 1000°C, 1200°C and 1350°C for 40 hours.

Sri_xNb03 is a difficult series of materials to synthesise phase pure and fully reduced, as

they require extremely reducing conditions and repetitive refiring. So a number of
different methods were used to try and make these phases:
1. High temperature solid state reaction, at 1200°-1400°C in flowing Ar or 5%H2/Ar

gas conditions, of mixed stoichiometric amounts of Sr4Nb209, Nb2Os and Nb metal

powders. This method produced Sri.xNbC>3 but only if 5%H2/Ar was used rather than

pure Ar.

2. Synthesising oxidised sample of SrxNbC>3 (i.e.Sr2_xNb205+x where x=0.4-0.8), by
firing stoichiometric amounts of SrC03 and Nb2Os in air at 1200-1300°C, then

reducing at 1400°C. This approach did not produce single phase SrxNb03.

171



Chapter 5-Strontium Niohates

5.2 Sr.|Nb209 and SrjIN^CVs

Sr4Nb209 has the largest possible ratio x/y in SrxNbyOx+2.5y found in strontium niobates to
date. Weiden et al's attempts to prepare compounds with a ratio x/y>2 failed [3], and
thus they concluded that the only compounds in the system Sr-Nb-0 with x/y>l are

Sr4Nb209 and Sr5Nb4Oi5. However, that is inaccurate as amongst some of the x/y>l
strontium niobates synthesised are Sr7Nbe02i [4] and Sr6Nb20n.

5.2.1 Structure

Previous work on Sr4Nb209 reported the structure to be triclinic with a=5.820A,
b=14.392A, c=5.819, a=l 19.734, (3=89.827, y=90.221, space group P-l(2) [3], Sr4Nb209

is a member of the alkali earth niobates with the general formula A3(a]+xB,_x)09_3W2
(A'=Sr,Ba; A"=Ca, Sr; B=Nb, Ta). Thus the more exact way of representing the
structure is as Sr3(SrNb2)09, and it can be described as the perovskite related structure in
which A" and B (i.e. SrNb2) occupy the octahedral sites and A' (i.e.Sr3) occupies the 12
co-ordinated site (Fig.5.2). Thus there is a sequence of two Sr+Nb and one Nb-only
layers, giving a 2:1 order. Increasing the Sr content will increase the Sr:Nb ratio on the

B-site, hence decreasing the average charge on the B-site. This introduces oxygen

vacancies for charge compensation, more on which will be said in a later section. The

much larger size of Sr2" than Nb5f means that the structure is pseudo-cubic (not triclinic
as was reported by M.Weiden [3]), and the lattice parameter a increases with increasing
Sr content [5, 8],

The results are consistent with J.Lecomte et al[5] and R.Glockner[8] et al, showing that
the unit cell of Sr4Nb209 is pseudo-cubic (P) with a=S.2792(8) and V=567.50(9), when
made in air at 1300°-1400°C. The difference with the unit cell parameter reported by
M.Weiden is due to the different synthesis procedures. M.Weiden et al reported the

synthesis of Sr4Nb?09 under flowing Ar atmosphere at 1200°C, whereas the samples in
this study were prepared at 1300°C in air. The mildly reducing conditions distort the
structure, as will be discussed later regarding the samples reduced at 1000°C in 5%H2/Ar.
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VoVQVOVOVO

<s>
O

O Sr
O Nb

Fig.5.2 The crystal structure ofSr^Nb^Og

(1) Structural Changes on reduction

From the x-ray diffraction pattern in (Fig.5.3), a very small change in the unit cell can be
seen upon reduction at 1000°C and 1350°C, also shown in Table 5.1. In reducing
conditions at 1000°C Sr4Nb209, however, shows splitting of the major peaks at high
angles, and additional low intensity peaks throughout the pattern. Further increase in

temperature, under the same reducing conditions, produces an ordered structure with a

similar, though smaller unit cell, with no visible low intensity peaks.
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Fig. 5.3 Stoepattern of (a) Sr4Nb209 as made in air, (b) Sr4Nb209 reduced inflowing
5%oH2/Ar at 1000°C and (c) ,S>WZ>209 reducedat 1350°C inflowing 5%H2/Ar

Table 5.1 Showing the refined unit cellparameters ofSr4Nb209

Phase Reduction T (°C) Symmetry a(A) Cell Volume(A3)
Sr4Nb209 N/A Cubic P 8.2792(8) 567.50(9)

Sr4Nb209_s 1000 Complex microdomains, with some pseudo-cubic regions

Sr4Nb209_s 1350 Cubic P 8.2704(10) 565.69(11)
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(2) Preliminary TEM studies ofSr4Nb209 reduced at 1000°C

To understand the change in structure on reduction, TEM was performed on the sample
reduced at 1000°C, as that showed additional peaks. Preliminary TEM studies were

performed on a Jeol JEM 2011 microscope operating at 200 kv and equipped with a

double tilt (±20°) sample holder, and the EDS analysis performed in a number of particles
confirmed that the expected stoichiometry was achieved.

The structure of Sr4Nb209 when reduced at 1000°C in flowing 5%H2/Ar, is far more

complex than the double cubic unit cell (a=8.3A) first suggested by XRD. Although in
some domains such a description may be valid (Fig.5.4), a displacement to a different

region in the same crystal reveals the presence of superstructure fringes; i.e. there is a

long range ordering that breaks the cubic symmetry (Fig.5.5). This indicates that there is
a microdomain structure, with oxygen rich and reduced domains intergrowing in the same

crystals. The corresponding SAED patterns strongly support this hypothesis. The inset
of (Fig.5.4) does not show any evidence of superstructure whereas the inset of (Fig.5.5)
reveals the presence of superstructure reflections at 1/12 [122]c (c=cubic).

Fig. 5.4 HRTEM image ofa cubic domain ofSrfVbiOg reduced at 1000°C, showing a
view down the [1-10]cprojection and its corresponding SAEDpattern (inset)
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Fig.5.5HRTEM image ofa non-cubic domain recorded on a different area of the same

crystal offig.5.4. It shows a view down the [1-10]cprojection and the corresponding
SAED pattern (inset). Small white arrows indicate the superstructure reflections along

the [122]c

The structure of Sr(Sri/3M>2/3)03 sintered in air was the subject of investigation by I.
Levin et al [6] using a combination ofHRTEM and neutron diffraction. They concluded
that there were two polymorphs: a high temperature one with a pseudo-cubic symmetry,

a=8.27A (space group hm-Jm) and one at low temperature with a rather complex and

slightly monoclinic unit cell, a~6acV3, b~2aW2, c~aW6. Furthermore in the low

temperature polymorph, they found that there is a rather complex microdomain

microstructure, derived from different phases which are stoichiometrically very close to

each other. Although there are certain similarities between the low temperature

polymorph and the non-cubic domains, the nature of the superstructure observed is
somehow different, because the superstructure reflections observed along the [122] were

always commensurate and the (pseudo) cubic domains were quite frequent.
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In his paper, Levin describes four types of domains in his low temperature polymorph:
incommensurate (dominant), commensurate (minor), monoclinic (minor) and pseudo-
cubic (very minor, with a slight Sr deficiency). In the sample studied here, only the
commensurate and the pseudo-cubic structures are apparent. All of these structures are a

result of a combination of factors, such as B cation ordering (1:2, 1:3 and occasionally

1:4), the tilting of the octahedra and the presence of oxygen vacancies.

The structure of the domains showing commensurate superstructure reflections is rather

complex and does not involve only the [122]c as pointed out by Levin. The inset of

(Fig.5.6) reveals that there are also commensurate reflections at 1/10 [123]c. The

corresponding HRTEM image shows the presence of a large number of very small

regions with a darker contrast, which could be related to the superstructure observed in
the SAED patterns because they may represent some ordering.

Fig.5.6 HRTEM image corresponding to the [lll]c zone axis ofSr4Nb209 reducedat
1000°C. A large number ofdarker contrast areas appear, which would be responsiblefor
the superstructure reflection observed in the corresponding SAED pattern (inset) along

the [123]c.
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5.2.2 Dilatometry

As can be seen from (Fig. 5.7), there is very little difference observed in the thermal

expansion coefficient upon reduction. When looking at a physical a curve (Fig.5.8), i.e.
the change in thermal expansion coefficient with temperature, the materials seem to

behave differently. The thermal expansion coefficient at T=900°C varies upon reduction.
At first it is seen to drop when reduced at 1000°C to 14.8xlO"6K"1 from 15.3xlO"6K"1, then
it rises to lS.SxlO^K"1 for the sample reduced at 1350°C.

dULo *10-2
Sr4Nb209

Fig.5.7 Thermal expansion data ofSr4^209 in oxidisedand reduced forms

Sr4Nb209 made in air j
Physical Alpha: 900.0 °C,15.269E-06 1W

Sr4Nb209 reduced at 1Q00°C /
Physical Alpha: 900.0 °C,14.842E-06 1/K

Sr4Nb209 reduced at 1350°C j
Physical Alpha: 900.0 °C.18.257E-06 1/K
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Fig.5.8Physical u curve for Sr4Nh209 as made in air and when reduced at J000oC or

1350°C
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As was seen from the crystal structure in (Fig.5.2), there is a large distance between Nb
metal atoms,(~10A). This may be stabilising the unit cell to reduction and any major
structural changes in reducing conditions. This may also ultimately play a part in the low
electronic conductivity of this material.

5.2.3 Thermogravimetric analysis (TGA)

The oxidation state of Nb is important when considering unit cell size and electronic

conductivity of Nb based materials. The ionic radius of Nb(IV) is 0.69A, compared to

0.64A of Nb(V). Although a small change, it does decrease the distance between Nb
atom in the structure, making the electronic transition from one d orbital to another easier.
The degree of reduction, looking at the unit cell change and thermal expansion coefficient
is clearly small in which 5<0.01 in the S^M^CVa . This is further confirmed with TGA
oxidation runs on the reduced samples (Fig.5.9).

Repeated TGA runs on different analysis machines showed no perceptible weight change
in the sample, and the only fluctuation in the line is due to "drift". This confirms that
Sr4Nb209 is structurally stable to very reducing conditions, and niobium oxidation state is
not less than 4.99, i.e. 5.00-5. The slight possible weight change at 300°-500°C (Fig.5.9)

may be showing water loss. It was found that alkali earth niobates and tantalates of the

general formula A3(a,+;cB;,^)09_3;i./2 where (A'=Sr,Ba; A"=Ca, Sr; B=Nb, Ta) [7],

uptake water, and as a result display protonic conduction. Similarly, Sr4Nb2C>9 can be

expressed as Sr3(SrNb2)09, and was also demonstrated to uptake water with a resultant
ionic conduction, which will be discussed later.
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Temperature (°C)

Fig.5.9 TGA oxidation runs inflowing airfor the reduced Sr4Nb209 samples.

5.2.4 AC Impedance studies

As can be seen in (Fig.5.10) the bulk, with a capacitance of 4.5±0.5xl0"12 Fern"1, accounts
for the majority of the resistance. The conductivity at 900°C is 5.2xl0"5 Scm"1.

The Nyquist plot of the reduced sample (Fig.5.11), shows the conduction at 580°C and
549°C to be mainly electronic and the resistance of the bulk is significantly lower than for
the oxidised sample. The grain boundary is now an insignificant contributor to the

• • ••*31
conductivity and can not be clearly seen. The conductivity at 900°C is 2.5-2.8x10" Scm" .

180



Chapter 5-Strontium Niobates

-200000

-150000

g -looooo

-50000

-x X50000 looooirvI 150000

Z' (Qcm)

♦ 648°C

♦ 608°C

. 570°C

250000

Fig.5.10 Geometry correctednyquist Impedanceplotfor at various

temperatures and in air

-7500 -

?
u

G
N

-5000 -

► 549°C

► 580°C

♦ ♦ ♦

2500 5000 \ 7500 10000 1$500 15000

Z* (Q cm)

Fig.5.11 Geometry corrected impedance plotsfor Sr4Nb209s reducedat 1000°C in

5%H2/Ar

181



Chapter 5-Strontium Niobates

Fig.5.12 Arrhenius diagramfor Sr4Nb209 oxidised sample from ac impedance data

The activation energy for the total resistance was found to be 0.83±0.01eV for the

temperature range 470°-650°C and 1.35±0.01eV for the temperature ranges 650°-1000°C

(Fig. 5.12). Once the high temperature was reached and the sample allowed to equilibrate,
the cooling run showed a decrease in the activation energy, being 1.15±0.01eV down to

670°C. This is probably due to a slight reduction ofNb at 1000°C.

Sr4Nb209 reduced at 1000°C for 48 hours showed a higher activation energy of
1.41±0.01eV (600°-1000°C) and 1.02±0.01eV (350°-600°C) than the oxidised sample,
even though the conductivity of the reduced sample is lower (Fig. 5 .13).
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Fig-5.13 Arrhenius diagramfor Sr4Nb209s sample reduced at 1000°Cfrom ac impedance
data

A small tail at low frequency seen in the Nyquist plot (Fig.5.10) may indicate some ionic
conduction if the sample is not stoichiometric. Although the stoichiometric Sr4Nb209
studied is an insulator with no ionic conductivity, exact stoichiometry cannot be

guaranteed due to: (i) error in weighing starting powders and (ii) possible volatility of
strontium at synthesis temperatures of 1300°-1400°C. This is consistent with the
R.Glockner et al [8],

R.Glockner et al. [8] studied the conductivity of Sr2(SrNb2)09 as a function of

temperature, pC>2 and PH2O, and found oxygen ion conduction at high temperatures and

hydrogen ion conduction at lower temperatures.. J.Lacomte et al discussed the

dissolution of excess SrO in Sr4Nb2C>9 leading to the formation of Sr'f, and VQ [5]:

Sr2{SrUxNb2_x)P9_u/2 where 0<x<l/2. When x=l/2 the stoichiometry is Sr4(Sr2Nb2)On,

which has 8.33% (1/12) of the oxygen sites structurally empty [9], i.e. Sr4(Sr2Nb2)OnVi.

Thus the dissolution of as Nb'Sr defects fills the structural oxygen vacancies with

oxygen ions: Sr4(Sr2_2yNb2+2y)Oxx+3yViX_3y where 0<y< 1/3. When y= 1/3 the stoichiometry
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is Sr2(SrNb2)09 and all oxygen sites are occupied. Thus in the presence of water, defect

structure is dominated by the electroneutrality condition: 3^S'^1=2[f0]+1(OH)0\ and

3K;]+ [(0//)oJ= 2[(T,'] [8], From this the reaction between the disordered oxygen

vacancies and water is:

H20(g) +Vo+0xo=2(0H)o
and the reaction between the structural (i.e. ordered) oxygen vacancies and the dissolution
ofwater is:

H20(g) + 20* +V* =2(H20)0 +0;

From the equations and from the study carried out by R.Glockner et al.[8], when the
concentration of FI+ is low, in dry atmosphere and at high temperature, the structural

vacancies are proportional to {pHi0)'2 ■ In an intermediate pH^Q range structural
vacancies give a l(0//)oJ=2[0,] 00 (ph,o )' 3 dependency [10], Thus at low temperatures

the Srm acceptor defects are charge balanced by protons i^OH )Q) and at higher

temperatures they are balanced by oxygen vacancies (Va). Hence at low temperatures

(<550°C) conduction is dominant and at high temperatures O2" conduction dominates

[8]

From the finding by R.Glockner et al.[8] that increasing the Sr/Nb ratio, or (Vo)0

increases the ionic conductivity, they concluded that the oxygen ion transport takes place
via oxygen vacancies.
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5.2.5 DC Conductivity studies

DC conductivity was performed on oxidised samples in air and the pre-reduced samples
in flowing 5%H2/Ar. The ramp rate was 2°C/min on the cooling and heating cycle. The

conductivity of the fully oxidised sample is very low, as expected, at 5xlO"5 Scm"1 at

900°C. The activation energy of the reduced sample changes with temperature, giving a

curve in the Arrhenius plot (Fig.5.14) which at higher temperatures becomes closer to a

straight line.

The electronic conductivity goes up 2 orders of magnitude upon, what has been seen to be
a very small amount of reduction. For the 1000°C reduced sample it is 1.5-2.0xl0"3Scm"'
at 900°C, with high activation energies of 1.36±0.01eV on cooling from 900°C to 470°C,
and 1.42±0.01eV for heating curve 470°-900°C (Fig.5.14).

Fig.5.14Arrheniusplot ofDC conductivity with temperature ofSr4Nb209 made in air and
SrdCb209 reduced at 1000°C and at 1350°C
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Table 5.2 Conductivity and activation energiesfor Sr4Nb209 and its reduced analogues

Sample Conductivity at 900°C Heating Ea Cooling Ea

(Scm"1) (eV) (eV)

Sr4Nb209 5.0±0.5 xlO"5 Changes with temperature

Sr4Nb209reduced at 1000°C 2.8±0.5 xlO"3 1.42±0.01 1.36±0.01

Sr4Nb209reduced at 1350°C 1.4±0.5xl0"2 0.42±0.01 0.42±0.01

Further reduction at 1350°C does not increase the conductivity significantly, reaching a

maximum of ~1.4xl0"2 Scm"1 at 900°C. As might be expected the activation energy

decreases on reduction to 0.42±0.01eV (Table 5.2).
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5.3 Sr2Nb2C>7, Sr2Nb207-§, and SrsNbsO^

5.3.1 Structure

Sr2M>207 is the n=4 member of the homologous series of layered perovskite phases
AJlnOin+2- These materials are structurally similar to Ruddlesden-Popper phases

Am+iBmO3m+it first established by S.Ruddlesden and P.Popper [11, 12] for the Sr-Ti-0

system. The Ruddlesden-Popper phases, however, are known for many B cations,
whereas the perovskite phases A„B„03n+2 exist only for 5=Ti, Nb or Ta [13], When
n=m^cc then the ideal three dimensional perovskite structure is achieved: ABO?,. The

homologous series AJBn0.3n+2 consists of perovskite layers, n octahedra thick (Fig. 5.15).
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Fig. 5.15A,BrP3n+2 crystal structures of the n=2,3,4,5 and aomembers showing BO6
octahedra as squares andA as blue circles in between the octahedra

Thus for the S^M^O? member it can be seen that the perovskite slabs are four octahedra

thick, hence the more accurate designation is (Fig.5.16).
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a o a a

Fig. 5.16 Sr2Nb?07from the atomic co-ordinates provided by N.Ishizawa [2]

Under 5%H2/Ar at 1350°C for 20-40 hours, Sr2Nb2C>7 undergoes a phase change to the
n=5 member of this series, SrsNbsOn, with Nb in oxidation state of 4.8.

1350°C
Sr2Nb2C>7 ^ SrsNbsOn

5%H2/Ar
This is due to the removal of 1/35 oxygens from the NbOe octahedra, producing
additional layer of corner sharing octahedra. Thus the layers in the n=5 series are 5
octahedra thick (Fig.5.15).

20

Fig.5.17 STOEX-ray patternfor (a) SrTNbiOj made in air (b) Sr2Xb207 reduced at
I000°C in 5%H2/Ar (c) Sr2Nb:07 reduced at 1350°C in 5%H2/Ar.
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Whereas reduction at 1350°C produces the n=5 phase, Sr5NbsOi7, reduction at 1000°C
shows little change in the pattern and the unit cell (Fig. 5.17). Refinement of the X-ray
data for the sample reduced at 1000°C showed the unit cell to be orthorhombic(C), and
almost identical, although smaller, to the unit cell of Sr2Nb207. The unit cell of
SrsNbsOn is orthorhombic(P) (Table 5.3), and the unit cell parameters are consistent with
those reported by H.W.Schmalle et al [14],

Table 5.3 Refined unit cellparametersfor Sr2Nb207 when oxidised and reduced at
1000°C or 1350°C

Phase Reduction Symmetry a(A) b(A) c(A) Cell
T (°C) Volume(A3)

Sr2Nb207 N/A Orthorhombic(C) 3.9622(2) 26.8188(16) 5.7116(3) 606.92(8)

Sr2Nb207_s 1000 Orthorhombic(C) 3.95796(22) 26.7958(17) 5.7061(3) 605.17(8)

Sr5Nb5Oi7 1350 Orthorhombic(P) 32.4851(16) 5.6799(3) 3.9898(2) 736.17(8)

(Sr2Nb20683)

The oxygen content determination is discussed in sec.5.3.3.

5.3.2 Dilatometry

There is a clear shrinkage in the unit cell upon reduction, which is also reflected in the
small decrease in the average thermal expansion coefficient between room temperature

and 900°C (Fig.5.18), i.e. technical alpha, at(300o-900°C). has the largest
thermal expansion at 10.89±0.05xl0"6K"1 between 28°C and 900°C. The thermal

expansion of the reduced samples is similar with lOJbiO.OSxlO^K"1 for S^M^Oz
reduced at 1000°C, and lOJSiO.OSxlO^K"1 for reduced at 1350°C, i.e.

SrsNbsOi?.
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Fig.5.18 Thermal expansion data ofSr2Nb207 in oxidised and reducedforms

Fig.5.19 Physical a curvefor Sr2Nh207 as made in air andwhen reducedat 1000°C or

1350°C
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When looking at a physical a curve, ap(T) (Fig.5.19), i.e. the change in thermal

expansion coefficient with temperature, the materials seem to behave differently. The
thermal expansion coefficient varies upon reduction. The average thermal expansion
coefficient of the sample reduced at 1000°C, ap(900°C)= 10.14±0.05xlCT6K.~1, is the same

as the thermal expansion of the oxidised sample, Sr2Nb207, ap(900°C)=T0.08±0.05x10"
6K"V In contrast, the ap(900°C) of SrsNbsOn is significantly lower at 9.59±0.05xl0~6K~1
compared to its a,(300°-900°C)=10.38±0.05xl0"6K"1.

The physical alpha curve of the samples in (Fig.5.19) follows a similar, though unusual
trend. The thermal expansion of Sr2Nb207 and its reduced phases is quite high at low

temperatures up to about 200°C. After 200°C the thermal expansion decreases and is
then mostly constant up to 950°C. SrsNbsOn, however, shows a spike at 500°-600°C, in
which the thermal expansion increases to 12.5-13 xlO^K"1 and then drops again to ~9-
10x10 K" . There is no simple explanation for this behaviour, and could be due to

structural rearrangement or loss ofwater. At 400°-600°C, SrsNbsOn undergoes a metal-
insulator transition (discussed in a later section), this is the same range that the thermal

expansion spike occurs in (Fig.5.19).
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5.3.3 Thermogravimetric analysis (TGA)

As for Sr4Nb209, the TGA has shown no noticeable change in weight when Sr2Nb207 is
reduced at 1000°C. There is, however, a weight change of 0.5% in the sample reduced at

1350°C (Fig.5.20), corresponding to Nb oxidation state of 4.80±0.02, which is equivalent
to the stoichiometry SrsNbsOn indicated by the x-ray pattern.

Temperature (°C)

Fig. 5.20 TGA oxidation runs inflowing airfor the reduced Sr2Nb2Oy samples.

Sr2Nb2C>7 is structurally stable to relatively mild reducing conditions, and niobium
oxidation state is not less than 4.99, i.e. 5.00-5 = Sr2Nb2O7.fi. The stability can be related
back to the layered perovskite structure. In order to reduce niobium sufficiently the
structure has to rearrange in order to accommodate oxygen vacancies. In the case of
reduction to Nb4 8+ the structure has to change to a higher, n^ member of the layered

perovskite in the series SrnNbn03n+2; i.e. SrsNbsOn, the n=5 member. If you reduce

Sr2Nb207 further it will be approaching the «=oo member of the series, i.e. SrNb03 with
an ideal perovskite structure and niobium oxidation 4+, with no layers in between Nb
octahedra.
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5.3.4 DC Conductivity studies

Four terminal DC measurement showed the conductivity of to be 2xl0"5 Scm"1,
half that ofS^M^CV Two regions with different slope can be seen in the Arrhenius plot
of Sr2Nb207 (Fig.5.21). At lower temperatures of 400°-700°C the activation energy for
the conduction pathway is low at 0.76±0.03 eV. Above 700°C, however, the activation

energy increases to 1.41±0.02eV. There is no significant hysteresis between cooling and

heating cycles.

1000/T (K)

Fig.5.21 Arrhenius plot ofSr2Nbi07for conductivity in air

Reducing Sr2Nb207 at 1000°C increases its conductivity to 0.15-0.17 Scm"1, which is 100

times higher than that for Sr4Nb209.§ when reduced at 1000°C. This is expected from
materials with higher Nb content. The Arrhenius plot in (Fig.5.22) shows a change in the
activation energy with temperature. The change, however, is very small and the overall
activation energy can be approximated to 0.15+0.03eV.
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1000/T

Fig.5.22 Arrheniusplot ofSr2Nb207.s in 5%H2/Ar

The reduction of this material at 1000°C was too small to be observable with TGA, where

6<0.01 in Sr2Nb207-5-

Table 5.4 Summary ofconductivity andactivation energies ofSr2Nb207

Phase Nb Oxidation state Scm"1 (900°C) Ea (eV) from 4 terminal DC

Sr2Nb207 5.00 ~2xl 0"5 1.41±0.02(900°C-700°C)
0.76±0.03 (700°-400°C)

Sr2Nb207-s 5.00-5 0.15-0.17 0.15±0.03 (100°-900°C)

Sr5Nb5017 4.8 0.3-0.5
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Temperature (K)

Fig.5.23 Conductivity as afunction of temperature ofSrsNbsOn

A low temperature study (>0K-300K) of the conductivity behaviour of SrsNbsOn, by

F.Lichtenberg et at [13], found a complex electronic behaviour in which SrsNbsOn

undergoes a metal-semiconductor transition at ~50K along the a and b axis. Between
50K and 120K there is another metal-insulator transition along the a and b axis, and the
material seems to show semiconducting behaviour up to room temperature. The

conductivity along the c axis was reported as being semiconducting <300K.

In this study 4-Terminal DC conductivity of SrsNbsOn shows behaviour similar to a

metal-semiconductor transition at higher temperatures. On heating the transition occurs

at 400-500°C, which may be too low for the oxidation of the sample to occur. On

cooling, the transition occurs at 600°-800°C (Fig.5.23), but the sample has poor stability
under the less reducing conditions of 900°C in 5%H2/Ar than those under which it was

synthesised, i.e. 1350°C. Thus there is a decrease in conductivity during the 12-hour
isotherm at 900°C, and ultimately lower conductivity on the cooling cycle as is shown in
the figure above.
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5.3.5 Conductivity as a function of p(02)

Although no information can be gathered from the reduction curve due to the
uncontrolled and rather rapid rate of reduction, the much slower oxidation run shows a

slope of-0.18±0.01 up to 10"11 atm (Fig.5.24). At higher oxygen partial pressures of 10"
^-lO"4 atm the rate of oxidation is too fast for the sample to reach equilibrium, providing
unreliable data. The extrapolation from fully oxidised at p(O2)=10"1 atm to fully reduced
at p(O2)=10"20 atm indicates simple defect relationship over the entire p(02) range. The
concentration of electrons can be considered to be twice that of the oxygen vacancies:

O2- + 2 Nb5+ = Vo~ + 2MW (=Nb4+) + l/202 (g)

KJ~ [P(02)]""6

0;=±02(g)+V-+2e'
M=2[V0"]

thus the equation for the law ofmass action is:

[e'] = (2K,fpJ6
Pa?

When the majority of vacancies are formed as a result of oxygen loss the conductivity has
a p(02) dependence of-1/6.

log p(Oj)

Fig.5.24 Conductivity as afunction ofp(Of) ofSr2Nb207 at 900°C
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5.3.6 AC Impedance

Although no hysteresis was observed in the Arrhenius plot from the 4-terminal DC

measurement, AC impedance shows higher activation energy on cooling of 1.65±0.02eV,

compared to 1.40±0.02eV on heating (Fig.5.25). The difference between the DC and AC
measurements is due to the length of time the sample was allowed to spend at anyone

temperature. In the DC measurement, the measurement technique involved a constant

and steady temperature change of 3°C/min, and thus the technique is transient and

equilibrium is not certainly attained. In the AC measurements, by contrast, the sample
was allowed to equilibrate at any one temperature for 30-60 minutes. Holding the sample
at high temperature, however, for any extended period of time may change the

composition of the sample, resulting in the observed change in the activation energy

going from heating to cooling in (Fig5.25).

0.76 0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94

1000AT (K"1)

Fig.5.25 Arrheniusplot from AC impedancefor Sr2Nb207
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5.4 SrNb206, SrNb205.98 and SrNb205 76

5.4.1 Structure

SrNb2C>6 adopts a framework structure similar to CaTa2(>6 which is built from edge-and

corner-sharing octahedra along the c-axis, and corner-sharing along the b-axis (Fig.5.26).

Again this structure is perovskite related. In this structure NbOe octahedra are joined at

the corners in the same layer and at the edge with the NbC>6 octahedra in the next layer,
thus the pairs of edge-sharing octahedra share corners to form a perovskite-like structure

(Fig.5.27). Whereas in the normal perovskite structure the ratio ofA/B sites is 1:1, in this
structure only half of the perovskite A sites exist.

► c

Fig. 5.26 Edge-sharing and corner sharingNb06 octahedra(green) with Sr in between
(blue)
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Perovskite structure Oithorhombic CaT%06

Fig.5.27 Layers ofoctahedra in the perovskite andperovskite type CaTa?06 structure

Hence from (Fig.5.26) and (Fig.5.27) it can be seen that the structure of SrNb206 can be
viewed as a sheared perovskite. In this structure there are the same number ofA-sites as

A atoms, thus all of the sites are occupied.

The unit cell parameters of SrNb206 were originally refined by H.G.Hess and

H.J.Trumpor [15] as orthorhombic CaNb206 type structure with a=11.02A, b=7.33A and
c=5.60A. Later study by B.O.Marinder et al. [16] found the distortion of the 3 angle
hence the monoclinic unit cell.

Table 5.5 Refined unit cellparameters ofSrNb206 and reducedphases
~

Reduction T Unit cell ~~a(A) b(A) C(A) p(°) V(A3) TEC(]0"6K"')
(°C) symmetry (300-900°C)

SrNb206 N/A Monoclinic P 7.7325(6) 16023(4) 10.9976(8) 90.372 (4) 476.40(9) 190

SrNb205 98 1000 Monoclinic P 7.7353(6) 5.6029(4) 11.0003(8) 90.362(4) 476.74(8) 5.45

SrNbA.76.5.77 1200 Tetragonal P 12.3854(8) 12.3854(8) 7.8101(7) 90 1198.04(20) 11.18

Reduction of SrM^Oe at 1000°C shows no obvious change in the unit cell parameters

(Table 5.5), and is marked only by the slight increase in the unit cell size. Niobium is
reduced to an average oxidation state of 4.98. Reduction at 1200°C, however, produces a

tetragonal tungsten bronze structure of the stoichiometry SrNb20s.76, and in this structure

niobium is in the oxidation state 4.76-4.77.
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5.4.2 TGA

TGA was run on the pre-reduced sample in flowing air, and at 900°C the sample was

allowed to oxidise for 3 hours. Oxidation was fully complete within that time.

Temperature (°C)

Fig.5.28 TGA oxidation runfor SrNb2Os, 76

The sample underwent a rapid re-oxidation between 450°-600°C (Fig. 5.28) indicating
slower kinetics of the reduction process, which may in part be due to structural changes in
this material. It is common for niobium based materials, especially in niobium rich

materials, that the oxidation kinetics are much faster than the reduction.

5.4.3 Dilatometry

Thermal expansion studies of SrM>206 and its reduced phases showed quite different
thermal expansion behaviour. All phases showed an initial drop in thermal expansion
coefficient with increasing temperature until 400°C (Fig.5.29), after which it slowly rises
with temperature to reach a maximum of oq9oooc)=7.49±0.05xlCT6K"1 for SrNb206 and

a(9oo°c)=9.55±0.05xlO"6K"1 for SrNb20s.98 (SrNb2C>6 reduced at 1000°C). Although the
overall thermal expansion of SrNb2C>6 at a(3oo-90o°c)=5.90±0.05xlO"6K"1 is higher than that
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of SrNb205.98, with a(3oo-9oo°c)=5.45±0.05xlO"6K"1, the reduced sample has a significantly

higher thermal expansion at 900°C (Fig.5.29).

SrNb205.76 shows unusual thermal expansion behaviour. During a heating cycle, the
thermal expansion at 900°C is 9.4xl0"6K"1(Fig.5.29), which is similar to that of

SrNb205.98 and is markedly higher that that of the oxidised sample. However, the cooling
curve indicated the thermal expansion to be 11.9xlO"6K"'(Fig.5.31).
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SrNb206 made in air
Physical Alpha: 900.0 °C,7 494E-06 1/K

SrNb206 reduced 1 1000'C

Physical Alpha: 900.0 °C,9.547E-06 1/K

SrNb206 reduced at 1200"C

Physical Alpha: 900.0 "C.9.308E-06 1/K

Alpha *10-5 /K-1
2.50

Fig.5.29 Physical a heating curve for SrNb206 as made in air andwhen reduced at
1000°C or 1200°C

dL/Lo *10-3

Temperature PC

Fig.5.30 Technical alpha curve on heating and coolingfor SrNb206 and its reduced
analogues
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Alpha *10-5 /K-1
• SrNb206 p.alpha heating curve
- SrNb206 p alpha cooling curve

SrNb205 96 p alpha heating curve
■ SrNb205.98 p.alpha coling curve

. SrNb205 76 p alpha heating curve
■ SrNb205 76 p alpha cooling curve
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Fig. 5.31 Physical a heating and cooling curvesfor SrNb206 as made in air and when
reduced at 1000°C or 1200°C

Physical alpha curves for these samples show unusual expansion behaviour (Fig.5.31).
SrNb2(>6, for example, has a constant thermal expansion between room temperature and

180°-200°C, with a,ec/,~6.6-6, 7x 1CT6K"1. With further increase in temperature the thermal

expansion decreases, until ~380°C when the negative thermal expansion is observed, with

oi(383°-423°C)—2.1xlO"6K" . At ~430°C there is a rapid rise in the thermal expansion
coefficient to ~ a^-bxlO^K"1. In the heating curve (Fig.5.31) there is a large overshoot

immediately after the negative thermal expansion curve, which is not observed in the

cooling curve; this is an artefact of the measurement technique, which may produce

spikes, due to the sensitivity of the instrument, upon sudden change in the thermal

expansion of the material. Similarly, the cooling curve for the same sample shows a

gradual decrease in the thermal expansion with temperature, and until ~415°C-245°C the

sample has a negative thermal expansion, with OL(4is"-245x:)—3.3xlO"6K"1.
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Similar behaviour is also observed for the sample reduced at 1000°C which also

displayed a negative thermal expansion between 380°-430°C, a(383°-423°C)—2.0x\0~6K.~l,
on heating, and af4/5°-2.«°Q~-2.5xl0"6K"1 between 420°-245°C on cooling. The overall

pattern for the thermal expansion curve of the oxidised and 1000°C reduced sample is

very similar, with only a significant difference in the thermal expansion coefficient at

900°C.

Although SrM^Os. 76 shows a similar overall trend to the SrNb206 and SrNb205.98

samples, with a drop in the thermal expansion coefficient up to ~400°C, the thermal

expansion is not negative at any point on the heating cycle, though it does drop from 6-
TxlO^K"1 at ~200°-350°C to ~2.8xlO"6K"1 at 400°C, then rises again to a maximum of
16.8xlO"6K"' at 800°C. After 800°C there is another drop in the thermal expansion
coefficient to 9.4x1O^K"1 at 900°C and by 950°C the thermal expansion is S.SxlO^K"1.
On cooling the behaviour of the material is slightly different; the thermal expansion at

950°C is MAxlO^K"1 and at 900°C it is 11.9xlO"6K"1, indicating some change in the
structure of this material or possible oxidation at higher temperatures. Further cooling
sees a gradual drop in the thermal expansion coefficient, and at 415°-380°C the thermal

expansion is negative, with a.(4i5°-380°C)~-<0.35x10"6K"'.

When looking to explain such unusual thermal expansion behaviour, it is necessary to

look at other properties of the material, such as conductivity and structure, and see how
these change with temperature.
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5.4.4 DC Conductivity studies

4 terminal DC measurements of SrNb206 showed a conductivity of 5-7xl0"5 Scm"1 at

900°C in air, with Ea=::1.48±0.02eV on heating and a lower Ea=1.34±0.02eV on cooling

(Fig.5.32). The resistance of the sample did not allow measurement to temperatures

below 650°-700°C.

Table 5.6 Electronic conductivity and activation energiesfor SrNbiOs and its reduced

analogues

Phase x in Nbx ScnfI(900oC) Ea(eV) Heating Ea(eV) Cooling

SrNb206 5.00 5.6-6.8x10~5 1.48 ±0.01 1.34±0.01

SrNb205.98 4.98 7-8xl0"2 0.96±0.02 (250-450) 1.00±0.02(250-450)

0.76±0.02(450-720) 0.81±0.02(450-720)

1,33±0.02(720-900) 1.10±0.02(720-900)

SrNb205.76 4.76 40

0

0.85 0.90 0.95 1.00 1.05 1.10 1.15

-0.5

heating
■ cooling

1

-3

1000/1

Fig.5.32 Arrheniusplot for the conductivity in air ofSrNb206
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Reduction at 900°C in 5%H2/Ar, however, increased the conductivity to 7-8x10"2 Scm"1,
and was shown by TGA to have a stoichiometry of SrNb205.98, i.e.Nb*4 98. The Arrhenius

plot (Fig.5.33) shows a change in the activation energy. At low temperatures, 250°-
450°C the Ea=0.98±0.02eV, which then drops to Ea=0.78±0.03eV for the intermediate

temperature range of 450°-720°C. At high temperatures of 720°-900°C the

Ea=1.33±0.02eV on heating, and Ea=1.10±0.02eV on cooling.

Fig.5.33 Arrhenius plotfor the conductivity in 5%H2/Ar ofSrNbiOs.gs

Temperature (K)

Fig.5.34 Conductivity as afunction of temperature in 5%H2/Arfor SrNbiOsje
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Further reduction at 1200°C in 5%H2/Ar of SrNb206 gives SrNb2C>5.76, with high
electronic conductivity of dO-SOScm"1 at 900°C. In flowing 5%H2/Ar at 900°C this
structure is not stable and a rapid drop in conductivity is observed in these conditions.

5.4.5 Conductivity as a function of p(02)

SrNb206 is seen to have good reduction and oxidation kinetics (Fig.5.35). A small

hysteresis is observed for the reduction and oxidation and is mainly due to the

temperature difference of the two runs, as the oxidation run was performed at a

temperature 20°C lower than the reduction run. Both the reduction and the oxidation
show very similar slopes of 0.22±0.02, for the p(02) range 10"17-10~12 atm, that is

aocp(02)"14 5. The curve observed at lower partial pressures to 10"19 atm is not likely to

be real. Due to the transient nature of this technique, where the rate of change of p(02) is
not controlled and the sample is not allowed to reach an equilibrium at any partial

pressure, only the initial and final points are certain. Hence a -1/4.5 slope is observed
across the partial pressure range down to 10"5 atm. The oxidation is mostly complete by
10"5 atm, with no slope observed at higher oxygen partial pressures. The region between
10"12 and 10"5 atm is traversed too fast for any information to be gathered from it, hence
the last points at 10"12 atm and the first at KT5 atm are used as indicators of the slope
across that region. This would be consistent with no phase transitions or structural

reorganisation.

The reduction of Nb to give an oxygen vacancy liberating an electron. Thus for one

electron coupled to an oxygen vacancy:

O2" + Nb5+ = Vo* + Nb4+ + l/202 (g)

[Nb4+] ~ [p(02)]"1/4
Tlius for an «-type electronic conductor the defect equation describing the incorporation
of oxygen into the lattice at low p(02) is:

0'o=y202(g)+V~+2e'
and the mass action relation for this equation is given by:
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K, =p$fc ]ef
If2[Vo"]=[e] the equation reduces to:

[efcPoT
Hence the conductivity of the electrons, ae, is proportional to the inverse fourth root of

P(02): cre oc pf[4

Fig.5.35 conductivity as afunction ofpfOffor SrNb206

There is a degree of uncertainty, however, as to whether the slope is -1/4 or -1/5.
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5.4.6 AC Conductivity Studies

From the impedance response at 800°C and 820°C (Fig.5.36) it can be seen that the bulk
accounts for the majority of the resistance, with a well defined grain boundary accounting
for a small percentage of the total resistance. The density of the pellet was 90%. At
800°C the bulk resistivity was estimated to be 50kQcm and its capacitance in the
7x10"12 Fern"1 range. This resistance accounts for 82% of the total, with the grain

boundary resistivity being 1 lkQcm, with an estimated capacitance in the range of 9xl0"8
Fern"1.

At 820°C the bulk resistance drops to 41kQcm and the bulk resistivity is estimated to be

8.8kQcm, with the bulk still accounting for the 82% of the total resistance. By 875°C the
bulk accounts for 81% of the total resistivity with 20.6kQcm, compared to 4.9kQcm for

the grain boundary. At 900°C the bulk resistivity is 15kQcm and the grain boundary

resistance is 3.4kQcm; the bulk still accounting for 81% of the total resistance (Fig.5.36).
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Fig.5.36 Geometry corrected impedance plots ofSrNbf)6 at 800°C, 820°C, 875°C and
900°C
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1000/T (K)

Fig.5.37Arrhenius diagramfor SrNb206 as made in air

The Arrhenius diagram (Fig.5.37) shows high activation energy of 1.48±0.01eV for the

heating cycle and 1.34±0.01eV for the cooling cycle. The sample was measured only
down to 800°C due to the high resistance of the sample and the difficulty in getting good

impedance data due to the inductive effects of the furnace at high temperatures, which is

only apparent if the sample has a high resistance of ~10+5Q at 900°C, giving a large
"scatter" of data points.
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5.5 Sr0 6NbO3

5.5.1 Structure

SrxNb03 (0.70< x <0.97) phases have been investigated by several researchers after

D.Ridgeley and R.Ward (1955) [17] conducted the first investigation into their synthesis
and structure. The main interest in these materials has been driven by the search for new

superconductors.

For 0.70< x <0.95 the structure of the perovskite is usually described as cubic, with cj^aA
and containing an array of Nb06 octahedra, [18],[19], In this structure the Sr atoms,
located at the A site, are randomly absent. This feature is also seen in other tungsten
bronzes and ReC>3. None of the authors have claimed to have synthesised SrxNbC>3 where
x=T. Istomin et.al. [20], for example, have reported the structure of the material,

Sr0.99(5)NbO3, with possibly the highest Sr content reported to date, with a tetragonal unit
cell in which a=4.0242(l)A and c=4.0320(l)A.

N.Peng [21], for example reported the structure of SrxNb03 with x=0.97, as simple cubic

perovskite structure with ap=4.023(l) A. Neutron studies, however, revealed a non-cubic
distortion and enlargement of the pseudo-cubic cell, due to the presence of extra peaks
not observed with powder X-ray diffraction or electron diffraction studies. He found that
the real unit cell is actually at least four times the distorted cubic cell reported by other
authors, and the distorted orthorhombic unit cell was refined with a=5.688A b=5.682A
c:=:8.057A (sgr=P 21212 (18)) [21], and V2ap x V2ap x 2ap. The structure was found to be
built up from two types of Nb(>6 octahedra, one elongated and the other compressed

along the c axis. The lattice distortion from cubic symmetry originates from the tilting of
the Nb06 octahedra, and the V2ap x V2ap x 2ap superstructure was found to arise from the

ordering of alternate elongated and compressed octahedra.
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5.5.2 Conductivity Studies

The search for new, non copper oxide based, superconductors has lead researchers to

study ct oxides, such as (3c/)1 V4~ and (4c/)1 Nb4" oxides. Isawa et al [19], for example
looked at SrxNb03 with 0.70<x<0.90 and measured electronic conductivity up to 300K.

They found the electronic conductivity to be high, with SOO-SOOScm"1 for Sro.9oNb03 and
Sr0.8oNb03 respectively. They also studied the temperature dependence of thermoelectric

power, and found that to be negative for all the samples in the temperature range 10-
300K. From that they deduced that the dominant charge carriers are electrons.

N.Peng found that Sro.97Nb03 also has a very high metallic type conductivity of over
lOOOScm"1 [21] between 2.6K and 300K and was seen to be independent of temperature.

Again this was verified by Istomin et al [20] who found metal like conductivity up to

300K.

5.5.3 Experimental

These materials have to be made under extremely reducing conditions, at 1300°-1400°C
in flowing 5%H2/Ar. Two samples were made under similar conditions, Sro.6Nb03 and

Sr0.7NbO3, both ofwhich were found to be unstable in less reducing conditions.
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6.5.4 X-ray powder diffraction

Rapid cooling of the samples to room temperature produced two types of unit cell

(Table 5.7): tungsten bronze tetragonal and a cubic perovskite (Fig.5.38). The TGA data
confirmed the average niobium oxidation state to be 4.8 for Sro.6Nb03 and 4.6 for

Sro.7Nb03 (Fig.5.39).

1'able 5.7 Unit cellparameters ofSro.eNbO3 andSrojNbO3

Reduction Phases N in Nbn+ Structure of Unit cell Perovskite

T (°C) present main phase unit cell

Sr06NbO3 1350 Sr06NbO3, 4.8 Tungsten bronze a=12.3795(6) a=3.9891(3)

Sr06NbO3 tetragonal b=3.9062(2) V=63.478(8)

V=598.64(7)

Sr06NbO3 1000 Multiphase: Sr4Nb209, Nb205.x and Sri_xNb03
Sr07NbO3 1350 Sr07NbO3, 4.6 Tungsten bronze a=12.3821(6) a=3.9895(3)

Sri_8Nb03 tetragonal b=3.9065(2) V=63.498(8)

V=598.94(6)

Sr07NbO3 1000 Multiphase: Sr4Nb209, Nb205.x and Sri_xNb03

In order to check the stability of Sro.6Nb03, the pre-made material was put into a tube
furnace in flowing 5%Fl2/Ar at 900°C for 10 hours. Once the sample was cooled, x-ray
showed a decomposition into starting materials, S^M^Og, M^Os-x and some Sri.xNb03

(Fig.5.38). The instability of these samples in 5%H2/Ar at 900°C means that these
materials can not be used in the solid oxide fuel cell anode and no further work was

carried out to investigate their properties.
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20o

Fig. 5.38X-raypattern ofSro^NbOs and Sr06NbO3 afterfiring at 900°C inflowing

5%H2/Ar

Temperature (°C)

Fig.5.39 Weight change (%) underflowing air SroeNbO^.
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5.6 Conclusions

To summarise, the structure of Sr^M^Og sintered under reducing conditions is rather

complex and shows a microdomain structure, which initially seems to be related to the

degree of reduction in the different domains. "Oxidised" domains are apparently cubic

(a=8.27A), whereas more reduced domains give rise to rather complex superstructures,

which may be the result of ordering of oxygen vacancies. Further TEM work performed
in specimens sintered in a range of atmospheric conditions is required to fully understand
the nature of the structure of these domains. Sr4Nb207 is an insulator, but on a slight

• 6 1 3oxidation shows a large increase in conductivity from 7-8x10" Scm" to 1.3-1.6x10"
Scm"1 at 900°C.

Sr2Nb207 is the n=4 member of the homologous series of layered perovskite phases

^nZ?n03n+2- It has an electronic conductivity of 0.15-0.17 Scm"1 in 5%H2/Ar at 900°C.
Further reduction in 5%H2/Ar at 1350°C reduces niobium from 5+ to 4.8+, corresponding
to the SrsNbsOl? phase. Electronic conductivity is increased to 0.3-0.5 Scm"1 and a metal
insulator transition is observed at ~600°C. The stability of the sample, however, is poor

and in 5%H2/Ar at 900°C there is a decrease in conductivity during the 12-hour isotherm.

SrNb206 crystallises in a framework structure similar to CaTa206. It is much more

readily reduced than S^M^Og and Sr2Nb207, thus reduction in 5%H2/Ar at 1000°C gives
niobium in the oxidation state 4.98+ with a conductivity of ~8xl 0"2 Scm"1 at 900°C and a

p(02) dependence of-1/4.5. Further reduction at 1200°C reduces niobium to 4.76+, with
a conductivity of 408cm"1 at 900°C. As with Sr2Nb2(>7, this phase is not stable under
5%H2/Ar at 900°C resulting in a rapid drop in conductivity during a 10 hour isotherm.

Sr0.6NbO3 proved to be a very difficult material to synthesise phase pure and fully
reduced, producing two phases, tetragonal tungsten bronze and a simple cubic perovskite.

Heating the sample up to 900°C in 5%H2/Ar decomposed the material into the starting

components, S^M^Og, Nb205-X and Sri_xNb03.
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6.1 BaNb206

6.1.1 Introduction

In Chapter 5 SrM^Oe was found to have the highest conductivity upon reduction out

of the SrxNbyOx+2.5y series, hence it was interesting to have a look at barium and
calcium analogues of this material to see how the properties changed with the A site
cation substitution. Barium is the next element after strontium in the alkaline earth

series, in the oxidation state (II) and octahedral oxygen co-ordination it has a larger
ionic radius of 1.36A, compared to strontium's ionic radius under the same conditions
of 1.16A. As such, there will be significant differences in analogous structures, which
will affect their properties.

6.1.2 Structure

The structure of BaNb206 is orthorhombic with a relatively large unit cell of
7 87Axl2.22Axl0.29A (Table 6.1) with a space group C2221[4], The structure itself
is similar to that of SrNb206 discussed in the previous chapter, but neither BaNb206
nor SrNb206 adopt the tetragonal tungsten bronze structure. Solid solutions, however,
of the compositions Bai.xSrxNb206, were studied extensively by many researchers

[1, 2, 5], due to the excellent electro-optic, pyro- and piezoelectric properties of this

material, making it suitable for a number of applications in optoelectronic devices.

Between the two phases in which x=0 or 1, Bai.xSrxNb206 crystallise with the tungsten

bronze structure. This is because the tetragonal tungsten bronze structure contains
four big voids with co-ordination number (CN)15, two voids with CN12, and four
small voids with CN9. The strontium barium niobates of the above composition are

partially filled tetragonal tungsten bronzes, in which only five of the six CN15 and
CN12 sites are occupied with Sr and Ba atoms. The two sizes of cation facilitate the
formation of the partially filled tetragonal tungsten bronze structure, in which the rest

of the voids are empty.
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The structure of BaNb206 (Fig.6.1) consists of a zig-zag pattern of pairs of edge-

sharing Nb06 octahedra, which are joined at corners at -60° and 120° angles [3] to

produce a ring of 6 octahedra. Barium ions occupy the interstices in this network of
Nb20io octahedra.

> C

Fig. 6.1 Edge-sharing and corner sharingNb06 octahedra with Ba in between

(blue)[4]

Table 6.1 Unit cellparameters and thermal expansion coefficient (300°-900°C) for
BaNb206 made in air and reduced at 1000°C or 1200°C

Reduction Unit cell a(A) b(A) C (A) V(A3) TEC

T(°C) symmetry (lO^K'1)
BaNb206 N/A Orthorhombic C 7.8678(3) 12.2127(5) 10.2868(4) 988.43(10) 11.9(±0.5)

BaNb206.5 1000 Orthorhombic C 7.8702(4) 12.2143(5) 10.2886(4) 989.03(10) 12.4(±0.5)

BaNb2C)6^ 1200 Orthorhombic C 7.8714(3) 12.2202(5) 10.2933(5) 990.11(10) 11.9(±0.5)

The difference in the SrNb206 and BaNb206 structures lies in the arrangement of the

edge-sharing M^Oio octahedra (Fig.6.2). In the SrNb206 structure the Sr is 12-fold
co-ordinate to surrounding oxygens, eight of which are near co-ordinate and 4

oxygens are further away, and the Nb20io groups tilt in phase in each row.

219



Chapter 6-MNb2C>6

The Ba atoms, being of a much larger size are 16-fold co-ordinate to the surrounding

oxygens. Six oxygens are in closest packing with Ba, 8 oxygens are slightly more

distant and two others form a 16-fold co-ordination for the Ba atoms.

BaNb206 SrNb206

Fig. 6.2 Layers ofoctahedra in the perovskite type BaNbf)6 and SrNhjO<5 structures

The difference in the arrangement of Nb20io groups in these structures allows the

incorporation of a much larger A cation between M^Oio octahedra. The differences in
the reduction behaviour, conductivity and thermal expansion are discussed in the

following sections.

6.1.3 Structural changes on reduction

As can be seen from (Table 6.1), BaNb2C>6 is structurally very stable to reduction,
even at 1200°C. No additional impurity peaks were seen in the X-ray pattern

(Fig.6.3), and the only visible effect on the structure is a very slight increase in the
unit cell size. All peaks were indexed, some of which are indexed in (Fig.6.3). In

comparison, SrNb2C>6 adopted a tetragonal tungsten bronze structure when reduced at

1200°C. This may be due to the high activation energy required to rearrange the
niobium octahedra in order to incorporate the much larger Ba atoms.
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* Vaseline ^

Fig. 6.3 BaNb206 as made in air and reduced at 1000° and 1200°C.

Although it is clear that the sample undergoes reduction, in which the colour changes
from white to pale blue, when reduced at 1000°C, to dark blue when reduced at

1200°C, the change is too small to be reliably measured by the TGA. Pre-reduced
samples of 20-45mg were heated under flowing air, with a heating ramp rate of 20°-
50°C/min up to 900°C. The sample was allowed to remain at 900°C for up to 3 hours,
at the end of which white powder was obtained, indicating complete re-oxidation.
The TGA data showed only a small reduction showing 5 to be <0.02 in BaNb206-s-

6.1.4 Thermal expansion coefficient

The resistance to reduction is further reflected in the thermal expansion coefficient of

BaNb206 (Fig.6.4). Although initially the thermal expansion coefficient is seen to

increase from a3oo°-9oo°c=l l^iO.SxlO^K"1 to a3oo°-9oo°c=12.4±0.5xlO"6K"1, it decreases
back to a3ooo-9oo°c=T1.9±0.5xlO"6K~1 (Table 6.2) for 1200°C reduced sample, the
variation is within the experimental error ofO.SxlO^K"1.
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Table 6.2 Technical andphysical alphafor BaNbiOe

Reduction at 300°C-900°C ctp 900°C
T(°C) (lO-^K') (lO^K1)

BaNt>2C)6 N/A 11.9(±0.5) 12.8(±0.5)

BaNb206^ 1000 12.4(±0.5) 13.1(±0.5)

BaNb2CVs 1200 11.9(±0.5) 12.1(±0.5)

The a9oooc (Table 6.2) shows negligible difference in the thermal expansion
coefficient of the reduced samples. The differences in values are within the error

range, hence it can be concluded that reduction of BaNb206 has little effect on the
structural properties of the material, such as the unit cell, oxygen stoichiometry and
the thermal expansion coefficient.

BaNb206

BaNb206 reduced el 1000°C

BaNb206 reduced at 1200*C

200 300 -400 500 700 800

Fig. 6.4 dL/Lo as afunction of temperature (straight line) and ap curve as afunction of

temperaturefor BaNbnOe

It is of interest to note that the sample reduced at 1200°C shows a significant decrease
in the thermal expansion coefficient above 900°C as can be seen from the physical

alpha curve (Fig.6.4). As will be seen in the next section, BaNb206-s reduced at

1200°C has poor stability in 5%H2/Ar at 900°C, with a rapidly decreasing electronic

conductivity due to re-oxidation in the milder conditions than those under which it
was reduced. The fluctuation in the thermal expansion coefficient above 900°C may

be a reflection of these changes in the sample.
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6.1.5 Electronic conductivity

In the early work on MNb206 (M=Ba, Sr) L.Marta and M.Vancea [5] found the

conductivity of BaNb206 to be ~1.5-2.0xl0"5 Scm"1 at 900°C and that of SrNb206 to

be 3.0-3.5xl0"5 Scm"1 at 900°C, however they did not look at the effects of reduction
on these samples. The conductivity data here is in agreement with their results for the
oxidised sample, displaying a conductivity of ~2xl0"5 Scm"1 at 900°C for BaNb206,
and 6xl0"5 Scm"1 at 900°C for SrNb206 in the previous Chapter.

The oxidised sample BaNb206, similar to SrM^Oe, is very resistive with a

conductivity of ~2xlO"5Scm"1. The activation energy for this material is quite high at

2.0±0. leV on heating and 2.3±0. leV on cooling (Fig.6.5).

-1.5

-1.6

-1.7

Sa

a -1.9
JD

-2

-2.1

-2.2

0.85 0.86 0.87 0.88 0.89 0.90 0.91 0.92

lOOO/TfK1)

Fig. 6.5 Arrheniusplotfor BaNb206from the 4-terminal DCmeasurement in air

On reduction, however, the conductivity increases by 5 orders of magnitude to 0.6±0.1

Scm"1, with low activation energy of 0.48±0.01eV at low temperatures (50°-200°C).
At higher temperatures, the activation energy varies with temperature, giving a curve

in the Arrhenius plot (Fig.6.6). Ea decreases between 200°C and 350°C, is then
constant until ~600°C, and above this temperature Ea increases rapidly with increasing

temperature.
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Fig.6.6Arrheniusplotfor BaNb206-3 reduced at 1000°Cfrom the 4-terminal DC
measurement

Further reduction at 1200°C increases the electronic conductivity of BaNb206 to 12

Scm"1, at 900°C (Fig.6.7). This phase, however, is not stable in 5%/H2/Ar, and

repeated heating and cooling in flowing gas showed a gradual decrease in the
electronic conductivity. The material seems to undergo a metal-semiconductor
transition at ~500°-650°C, although this transition becomes less pronounced with
additional cycles, as the material changes to niobium's more stable oxidation state at

900°C, which in this structure is 5 5, where 5<0.02.
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Fig. 6.7Plot ofconductivity versus temperature ofBaNb20s.x inflowing 5%H2/Arfor
the three consecutive runs

Table 6.3 compares the conductivities and activation energies for BaNb206-x- As is

typical of niobium based materials, and was also seen in the strontium niobates, the

conductivity increases rapidly with a very small amount of reduction.

Table 6.3 Electronic conductivities and activation energiesfor BaNb206-x

MNb206 Reduction Conductivity (Scm4) Ea"(eV) heating Ea (eV) cooling
T(°C) at 900°C

BaNb206 N/A ~ 2.2-2.6x10° 2.04 (800°-900°C) 2.33 (800°-900°C)

BaNb206.5 1000 0.58-0.60 0.48 (50°-200°C) 0.49 (50°-200°C)
curve (200°-900°C) curve (200°-900°C)

BaNb206.5 1200 12.7-3.7
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'■«g P<°j)

Fig. 6.8 p(O2) measurementfor BaNb206, with oxidation runsperformed atfast and
slow rates

The p(02) measurement shows the «-type conductivity with a slope of 0.20-0.22, i.e.
ctoc p(02)-1/5 (Fig.6.8). The slow and fast runs were done to demonstrate how the rate

of oxidation determines the equilibrium reached in the region of log p(C>2) from -12 to

-5. In the fast oxidation run, green data, the oxidation in the range p(C>2) = 10"12 - 10"5
atm took 20 minutes and in the slow oxidation, red data, the same region took 96

minutes to complete. In this region the equilibrium sought after to get accurate data
cannot normally be attained.

The hysteresis seen between the oxidation and the reduction run may be either due to

the diffusion length through the sample, and the three related factors which affect it
are: the porosity of the sample, surface exchange kinetics of the sample and the
diffusion coefficient; or the hysteresis may be caused by different rates of reduction
and oxidation. In this transient technique the reduction rate cannot be controlled, and
the only certainty is that the reduction up to 10"18 atm is much faster than the reverse

oxidation. Between 10"18 and 10"20 atm there is a good match between the oxidation
and the reduction paths, and the hysteresis is minimal.
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It is thus difficult to say whether in this sample the rate of reduction/oxidation or the
diffusion length through the sample is the cause of the hysteresis. In this sample the

hysteresis seen (red and blue data) probably reflects the surface exchange kinetics.
The sample has a density of 72%, porous enough to allow enough gas to permeate the

sample, hence either the slow surface exchange kinetics or a low diffusion coefficient

(or both) may be responsible for the hysteresis. Surface exchange kinetics are also
affected by the particle size. Smaller particles, with larger surface area will reach

equilibrium much faster with the same surface exchange kinetics and diffusion
coefficient.

In the case of very dense pellets it is difficult to distinguish the effects of the density
from the surface exchange kinetics. If the sample is very dense, the gas cannot

quickly permeate into the centre of the pellet and that is then the limiting factor.
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6.2 CaNb206

6.2.1 Introduction

Calcium is the element above strontium in the alkaline earth series, in the oxidation

state (II) and octahedral oxygen co-ordination it has a smaller ionic radius of 1.00A
compared to strontium's ionic radius under the same conditions of 1.16A and that of
barium is 1.36A. This alone should make a difference to the chemistry of calcium
niobates compared to the barium and strontium analogues.

6.2.2 Structure

CaNb2C>6 has a fersmite structure, which is very different from CaTa2C>6, BaNb206
and SrNb206. It consists of the zig-zag edge-sharing niobium oxide octahedra along
the c-axis. These edge-sharing layers are corner linked to an adjacent edge sharing

layer along the the £-axis, and this forms a plane, with calcium between the layers

going in the [100] direction (Fig.6.9(a) and (b)). In this structure the Ca2+ ions are six

co-ordinate, compared to twelve co-ordinate strontium and sixteen co-ordinate
barium.

The arrangement of octahedra are clearly influenced by the size of the A site cation,
which must fit into the interstices in the network. The A site cation size alone,

however, is insufficient to determine the structure, so for example, SrNb206 and

SrTa2C>6 form different structures, as do CaM)206 and CaTa2C>6.

Although Nb and Ta are the same size, the metal-metal interaction is strong in Nb5+
and is much weaker in Ta? . As such the strength of this interaction promotes shorter
Nb5+-Nb5+ distances than Ta5+-Ta5 distances. In the octahedral co-ordination by

oxygen in the oxide structures closer metal-metal distances are possible with edge-

sharing, rather than corner sharing.
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G.Blasse [6] has thus predicted that there will be a stronger tendency to edge share in
ANb2C>6 structures than in ATa2C>6 structures. Thus the tendency of the niobium oxide
to share edges is balanced by the size of the cation in the structure. Where the cation
is large, edge sharing is limited and may not be allowed, whereas in the case of a
smaller cation, such as Ca2+, edge-sharing may be extended along one axis. In the
CaTa206 structure (Fig.6.9(c)), the edge sharing is limited, and the pairs of edge-

sharing octahedra are joined in such a way so as to allow a higher co-ordination for
Ca2+ ions. In CaNb206 there are chains of edge-sharing NbC>6 octahedra, allowing a

small co-ordination of 6 for Ca2' ions.

(c)

Fig. 6.9 (a) Planes ofedge and corner sharing niobium octahedra with calcium atoms

between the planes (blue)in CaNb20e (b) Calcium atoms removed to see more clearly
the edge sharing octahedra in the c-axis and corner linked to the next one in the b-

axis (c) Orthorhombic CaTa206 structure
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6.2.3 Structural change on reduction

The unit cell parameters shown in Table 6.4 of CaNb206 show the unit cell to be

orthorhombic, with ar=14.997A, Z>=5.754A and c=5.230A, and a space group PBCN

[7], The a-axis, is extended to 14.99A due to the layers of Ca ions between the
octahedra planes. The c-axis is smaller than the b-axis, probably due to the edge-

sharing of the octahedra reducing the metal-metal distance in the structure as was

discussed earlier.

Table 6.4 Unit cellparameters ofCaNbfde-sand the thermal expansion coefficients
between 300°C and 900°C

MNb206 Reduction Unit cell a(A) b(A) c(A) V (A3) TEC

T(°C) symmetry (10"6K_1)
CaNh206 N/A Orthorhombic P 14.9971(9) 5.7542(3) 5.2301(3) 451.33(6) 9.25±0.05

CaNb206.5 1000 Orthorhombic P 14.9884(8) 5.7510(3) 5.2268(3) 450.53(6) 9.63±0.05

CaNbjOs.s 1200 Orthorhombic P 14.9900(8) 5.7517(3) 5.2276(3) 450.72(6) 9.38±0.05

As before the reduction was carried out in flowing 5%H2/Ar at 1000°C or 1200°C.

Although the unit cell does not change much on reduction it is seen to decrease

slightly when reduced at 1000°C, but then increases again with further reduction at

1200°C. The c-axis undergoes a greater shrinkage due to the stronger Nb-Nb
interaction as it reduces from oxidation state 5 to 5-5.

Again, as for BaNb2C>6, the degree of reduction could not be measured reliably with
the TGA, indicating that 5 in CaNb206-5 is <0.02. The colour of the reduced sample
did indicate some reduction though, although it was not very apparent, changing from
white to very white/pale blue, to a slightly darker shade of pale blue.
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6.2.4 Electronic conductivity

Whereas the electronic conductivity of SrNb206 and BaNb206 were very similar -2-
6xl0"5 Scm"1 at 900°C in air, the electronic conductivity ofCaNb206 is 10 times lower
at -3x10"6 Scm'1 at 900°C in air. Although an almost linear relationship is seen in the
Arrhenius plot (Fig.6.10) there is slight curvature, showing an increase in the
activation energy as the sample approaches higher temperatures. The activation

energy is 1.06±0.03eV on cooling and 1.01±0.03eV on heating.

1000/T (K1)

Fig. 6.10 Arrheniusplot for CaNbiOf, from the 4-terminal DC measurement in air

Reducing CaNb206 at 1000°C increases the conductivity to ~1.5xl0"3 Scm"1 at 900°C.
No hysteresis is seen in the cooling and heating curves, indicating faster kinetics in
this sample than for the barium and strontium analogues. There is also curvature of
the line in the Arrhenius plot (Fig.6.11), thus when plotting the apparent activation

energy, as estimated from the gradient of the Arrhenius plot, against 1000/T

(Fig.6.12), it can be seen that the activation energy increases with temperature, from
0.30±0.01eV at 400°C to 0.66±0.01eV at 900°C.
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1.50

1000/T (K"1)

Fig. 6.11 Arrheniusplotfor CaNb206 reducedat 1000°Cfrom the 4-terminal DC
measurement
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Fig. 6.12 Apparent activation energy as afunction of1000/Tfor thel000°C reduced
CaNb206
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Further reduction at 1200°C increases the conductivity only up to l.OxlO"2 Scm"1 at

900°C. The Arrhenius plot in (Fig.6.13) shows a hysteresis curve on cooling and

heating, though it only occurs at lower temperatures, reflecting the difference in the
rates of heating and cooling of the furnace below 200°C. At higher temperatures no

hysteresis is observed.

Fig. 6.13 Arrheniusplotfor CaNb206 pre-reduced at 1200°Cfrom the 4-terminal DC
measurement

Again the slope, and hence the activation energy, changes with temperature, but the

pattern of change is similar to the BaNb206-s, with initial decrease in the apparent

activation energy, estimated from the slope to be from 0.32±0.01eV to 0.27±0.01eV,
with temperature between 200°C and 300°C respectively. There is then a period of
constant activation energy up to 500°C of 0.25±0.01eV, and this in turn is followed by
a rapid increase in activation energy, which reaches 0.48±0.01eV at 900°C.
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Fig. 6.14Apparent activation energy as afunction of 1000/Tfor thel200°C reduced
CaNb206

Table 6.5 Conductivity datafor CaNb206 and CaNbiO^s

Reduction Conductivity (Sun"1) Ea (eV) heating Ea (eV) cooling

T(°C) at900°C

CaNb206 N/A 3x10"® 1.00-1.02±0.03 (840°-900°C) L06±0.03 (830o-900°C)

CaNb206.5 1000 1.46xl03 0.66±0.01 (870°-900°C) 0.61±0.01 (870°-900°C)
curve <870°C curve <870°C

CaNb206.5 I2U0 l.UUxlU2 curve curve

Table 6.5 shows the conductivities and activation energies of CaNb2C>6. The TGA
data showed no significant reduction of niobium, and a more sensitive technique is

required to calculate the 8 in CaNb206-5. As was clear with strontium niobates, a very
small amount of reduction produces large increase in conductivities.

-»—♦

♦ ♦ ♦ ♦ ♦
♦ ♦
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log p(02) (atm)

Fig. 6.15 Log conductivity as afunction oflogp(02)

Conductivity as a function of partial pressure showed a p(C>2) dependence of -0.19,
i.e. -1/5, from 10"13 to 10"17 atm. The slope then drops to -0.13, i.e.-1/8, from 10"17 to
10"20 atm. The oxidation run showed a slope of 0.089 from 10"20 to 10"17 atm, i.e -

1/11, indicating that equilibrium on the oxidation reaction was not really achieved and
the true slope is between the reduction and the oxidation hysteresis.
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6.2.5 Thermal expansion coefficient

Like BaNb2C>6, CaM>206 reflects stability to reduction through the thermal expansion
coefficient. Table 6.4 shows the thermal expansion coefficient along with the unit cell
size. As before there is no significant change in the thermal expansion with reduction,
and any change observed is within the experimental error of iO.SxlO^K"1 (Fig.6.16).

Physical alpha curve shows a very slight increase in the thermal expansion with

temperature, hence the thermal expansion is higher at 900°C with lOAiO.SxlO^K"1
than the average thermal expansion at 300°-900°C of 9.3±0.5xl0"6K"1.

Fig.6.16 dL/Lo (straight lines) and ap curve for CaNb206

Table 6.6 Technical andphysical alphafor CaNb^Oe

Reduction a, 300°C-900°C ctp 900°C
T(°C) (lO-^K1) (lO"^-1)

CaNb206 N/A 9.3±0.5 10.4±0.5

CaNt^O^-s 1000 9.6±0.5 10.8±0.5

CaNb206.a 1200 9.4±0.5 10.6±0.5
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6.3 Conclusion

Having looked at compositions MNb206 with M=Ca, Sr, Ba, it is clear that although
these materials display interesting properties upon reduction, and variable stability to

reduction, none show high enough electronic conductivity to make them of interest for
further study in fuel cell development. Table 6.7 sums up their properties. The
calcium compound is the worst performing in the conductivity studies, and is most

stable to reduction.

BaNb2C>6 has the largest thermal expansion of these structures with 11.9-12.3xlO"6K"1.
Its conductivity, however, upon reduction in 5%H2/Ar at 900°C is 0.6 Scm"1, with a

conductivity dependence on p(C>2) of-1/5 from 10"1 to 10"20 atm.

The study of these materials does, however, give an insight into niobium based
materials and electronic conduction. Although a range of structures support niobium
in the oxidation state +4, to allow the complete reduction of niobium from oxidation
state +5 to oxidation state +4 there must be significant structural rearrangement to
accommodate different bonding behaviour of Nb5+ and Nb4+. The materials which
show structural stability to reduction, as in the case of MNb206 do not have a fully
reduced Nb Whereas in the case of Nb2Ti07 structural similarity between TiC>2 and

NbC>2 allows the transition of this structure to rutile structure upon reduction and in

5%H2/Ar niobium is in oxidation state 41.

237



Chaptert>-MJNb2U6

MNb206

Reduction T(°C)

Unitcell symmetry

a(A)

b(A)

C(A)

PC)

V(Aj)

TEC (lO^K1)
Conductivity (Scm"1) at900°C

Ea(eV)heating

Ea(eV)cooling

CaNb206

N/A

OrthorhombicP
14.9971(9)
5.7542(3)

5.2301(3)

90

451.33(6)

9.25

3x10"°

1.00-1.02(840°- 900°C)

1.06(830°-900°C)

CaNb206-s

1000

OrthorhombicP
14.9884(8)
5.7510(3)

5.2268(3)

90

450.53(6)

9.63

1.46xl0"3

curve

curve

CaNt^Oj.g

1200

OrthorhombicP
14.9900(8)
15.7517(3)
5.2276(3)

90

450.72(6)

9.38

l.OOxlO"2

curve

curve

SrNb206

N/A

MonoclinicP

7.7325(6)

5.6023(4)

10.9976(8)
90.372(4)

476.40(9)

5.90

5.6-6.8x10°
1.48±0.01

1.34±0.01

SrNfyOj.gg

1000

MonoclinicP

7.7353(6)

5.6029(4)

11.0003(8)
90.362(4)

476.74(8)

5.45

7-8xl0"2

0.96±0.02(250- 450) 0.76±0.02(450-720) 1.33±0.02(720-900)
1,00±0.02(250-450) 0.81±0.02(450-720) 1.10±0.02(720-900)

SrNt^Os76-5.77
1200

TetragonalP

12.3854(8)
12.3854(8)

7.8101(7)

90

1198.04(20)
11.18

40

BaNb206

N/A

OrthorhombicC
7.8678(3)

12.2127(5)
10.2868(4)

90

988.43(10)

11.93

2.2-2.6x10°
2.04(800°-900°C)
2.33(800°-900°C)

BaNb206.8

1000

OrthorhombicC
7.8702(4)

12.2143(5)
10.2886(4)

90

989.03(10)

12.37

0.58-0.60

0.48(50°-200°C) curve(200°-900°C)
0.49(50°-200°C) curve(200o-9C0°C)

BaNb2CVs

1200

OrthorhombicC
7.8714(3)

12.2102(5)
10.2933(5)

90

990.11(10)

11.93

12.7-3.7

Table6.7Summaryofunitcells,conductivityandthermalexpansionofMNb^Oe 238
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7.1 Discussion

This work was carried out with a view of trying to find a suitable material for a partial
or full replacement of Ni in the Ni/YSZ anode, i.e. to act as a current collector in the
SOFC. Working on the premise that Nb1.33Tio.67O4, which is readily obtained by

reducing Nb2TiOy at 900°C in flowing 5%H2/Ar, has a very high electronic

conductivity of 300 Scm"1 but a low thermal expansion coefficient of 3xlO"6K"1, it was
hoped that doping this material will increase the thermal expansion without too much
effect on the electronic conductivity.

Doping with Zr did produce an increase in the thermal expansion coefficient up to

S.SxlO^K"1 and 6. lxlO^K"1 for 10% and 15% doped samples respectively, the
resultant conductivities were significantly reduced to -1508cm"1. Doping with Fe was

a little more successful with a maximum thermal expansion coefficient of 6.3 xlO"6K_1
for Nb1.347Tio.639Feo.oHO4 and a conductivity of-2008cm"1.

Niobium oxide reacts with Ce in the CGO composite at temperatures as low as 900°C
to form additional phases, one of which is CeNb04. It is therefore unsuitable for use
in cerium based anodes/electrolytes.

Having looked at strontium niobates and CaNb206 and BaM>206, and their low
electronic conductivities, I decided to investigate other niobium based rutile

structures, namely Tii-2XCrxNbx02 solid solution series. Although these materials
show relatively low conductivities of ~20Scm"1 at 900°C in flowing 5%H2/Ar I
believe that they hold promise with further work, and my initial preliminary

investigation into these materials found these to be relevant.
• The thermal expansion of these samples was high with S.STxlO^K"1 for the

x=0.1, dropping to G.OlxlO^K"1 for the jc=0.5.
• There was little change in the thermal expansion with reduction, which is

important for fuel cell application.
• These samples show much better sinterability compared to Nb1.33Tio.67O4, with

densities of over 85% after regrinding and 2nd firing.
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Strontium niobates were studied with a view to try to synthesise a highly conducting

phase Sri.xNb03. This phase, however, was found to be very difficult to make

requiring extremely reducing conditions and repeated firing. Once synthesised
Sro.6Nb03 was found to be very unstable under milder reducing conditions than those
under which it was synthesized, hence at 900°C in 5%H2/Ar it decomposed into

Sr4Nb209 and N^Os-x.

When looking at SrxNbyOx+2.5y, these phases were studied:
• Sr4Nb209

• Sr2Nb207

• SrNb206

Although decreasing the Sr:Nb ratio gradually facilitated the reduction and hence the

conductivity of the material, the conductivities were too low, with a maximum

conductivity of -0.1-0.2 Scm"1 for Sr2Nb207 at 900°C in 5%H2/Ar. These materials
are therefore unsuitable for application as a current collector in the SOFC anode.

In the systems studied, there are two types of conductivity that dominate:
• Linear dependence over the range as in BaNb206 or with simple defect

equilibrium and fair kinetics
• Series of difficult transitions, kinetically limited as in the rutile Tii.2XCrxNbx02

series

242



Chapter 7-Discussion and further work

7.2 Further work

Having looked at different niobium based materials, I have found that for high
conduction in the niobium based materials it is important to have some edge-sharing
octahedra through out the structure, and preferably chains of edge sharing octahedra as

is found in the rutile niobium titanates.

Further work should be carried out into NbxMxmTii.2x02 (M=A1, Cr or Fe) solid
solution materials as this thesis just reports the preliminary studies into their

properties. These materials show interesting electronic and structural properties,
which have been only superficially investigated. Further impedance studies along
with SEM could reveal more about grain boundaries and their contribution to

electronic conductivity. Gradually substituting Cr by Fe may increase both the

conductivity and the thermal expansion of these systems.

Having found that the best doped samples for their highest conductivity and thermal

expansion are Nbi.347Tio.639Feo.oi404, Nbi .33Tio.634Zro.o3304 and Nbi.33Tio.60oZro.o6704,
further study can be carried into solid solutions occurring between these phases.
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