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Abstract

The well-known lanthanide cuprates exist in two principal forms, T and T", which behave as
p-type and n-type conductors, respectively. In order to understand the structural properties
and crystal chemistry from the T to T" phase, the Nd; g.xLaxPro,CuO4 (NLPCO) system was
studied varying the La substitution ratio (0<x<1.8) and then characterised using high
temperature X-ray powder diffraction. From analysis of the X-ray diffraction patterns
obtained at room temperature, there are clearly five distinguishable regions for the NLPCO
system. They are, (1) monophasic T~ solid-solution (2) two phase mixture T~ + T (3)
monophasic T “solid—solution (4) two phase mixture T~" + O and finally (5) monophasic O

phase solid—solution.

The T°” form has previously been suggested as an ordered form of T"; however here we show
via high temperature X-ray diffraction studies that it is a non-transformable metastable phase
formed on quenching of the T phase via an orthorhombically distorted variant. Also neutron
diffraction and selected area electron diffraction (SAED) studies confirmed that the T "“phase
is 4- fold Cu coordinated.The structural, magnetic and electrical properties of this NLPCO
series have been investigated for the selected compositions using X-ray diffraction,

magnetization measurements, thermal analysis and conductivity measurements.

The aim of the second half of this work was to discover the basic high temperature electrical
characteristics of Nd,.xPrCuO, and investigate how this matches with those required for
components on the SOFC cathode side to identify which dopant level shows highest
conductivity and whether it is stable at different temperatures. The idea was to make a new
concept in SOFC cathodes and current collector development, using n-type conductors

instead of p- type conductors and to try to produce a high conductivity material which is



stable under the chemical and thermal stresses that exist while under load that can be used in

cathode or current collector applications.

The Nd,.«PrCuO, (NPCO) series has been studied over a range of dopant levels (x=0.15 -
0.25) and maximum conductivity of 86.7 Scm™ has been obtained for the composition where
X = 0.25. Also NPCO shows n-type semiconductor behaviour which gives operational

advantages when operating at mild oxygen deficiency.

AC impedance studies have been carried out on symmetrical cells to investigate the
performance of NPCO as a cathode material. These studies mainly focused on polarization
resistance and the activation energies of the cells. Low Rp values and low activation energies
are obtained for a composite cathode compared to pure cathode material. Two configurations
of NPCO as cathode materials were tested, pre-fired and in-siu fired. Pre-fired NPCO
exhibited better performance than in-situ fired NPCO. Both in-situ and pre-fired current
collecting NPCO still showed lowest activation energies which suggest good catalytic
activity. From all of these studies, it is evident that the praseodymium doped neodymium
cuprate material shows considerable promise as a potential cathode material for solid oxide

fuel cell applications.
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Chapter 1- Introduction

1.0 Fuel cell

From the time of the Industrial Revolution, mankind has been releasing huge amounts of
carbon dioxide and other greenhouse gases into the environment through the burning of fossil
fuels which have contributed to global warming. Hence many researchers have shown
interest in producing energy which does not depend on fossil fuels to minimise environmental
pollution. For this purpose, researchers have carried out numerous laboratory experiments to
move towards environmentally friendly methods for energy production, storage and

conversion without burning any fossil fuels (1-13).

The fuel cell is one such substitute technology being developed and promises to be more
efficient, reliable, environmentally friendly, and cost effective. Fuel cells can operate almost
continuously as long as the essential flows are maintained. Fuel cells produce electricity and
heat by electrochemically combining fuel and oxidant in the presence of an electrolyte. Inside
the cell, reactants flow towards the cell, and reaction products flow out of the cell. Fuel cells
are different from electrochemical cell batteries as batteries consume reactant, which must be
refilled and they store electrical energy chemically in a closed system. In addition to that,
electrodes within a battery react and change when the battery is discharged or charged, but a
fuel cell's electrodes are catalytic and reasonably stable. So long as fuel is supplied, the fuel
cell will generate power continuously. It is important that it converts chemical energy into
electrical energy via an electrochemical process, not a combustion process. Hence, the
process is quiet, clean and highly efficient (many times more efficient than fuel burning).
Also fuel cells are flexible for fuels and oxidants as a hydrogen cell uses hydrogen as fuel and
oxygen as oxidant. The inputs are hydrogen and oxygen; outputs are DC power, water and

heat. In practice, hydrogen is the best fuel for most applications and it is an environmentally

1
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clean fuel. From the end of the 20" century, the motor industry has been increasingly
interested in fuel cell development. This research is motivated by environmental legislation
for pollution control. The motor industry’s current strategy is for fuel cells to be powering

millions of vehicles by 2020.

As well as hydrogen, other fuels include hydrocarbons and alcohols. Other oxidants include
air, chlorine and chlorine dioxide. Some fuel cells can also use carbon monoxide and natural
gas as a fuel. In these reactions, carbon monoxide reacts with water producing hydrogen and
carbon dioxide, while natural gas reacts with water producing hydrogen and carbon

monoxide, so these hydrogen and carbon monoxide produced can be used as fuel.

In addition to very little emissions and multi-fuel capability, there are other benefits as well,
they are highly efficient, reliable, flexible, economical, scalable, durable, easy to maintain
and process unique operating characteristics. As well as reducing air pollution, they may also
reduce noise pollution. In addition, the waste heat from a fuel cell can be used to provide hot
water for used for domestic heating. The use of fuel cells in both stationary and mobile power

applications can offer significant advantages for the sustainable conversion of energy.

The basic physical structures of all fuel cells are mainly the same, and contain an electrolyte
layer in contact with an anode and a cathode electrode on each side. The electrolyte provides
a good physical barrier to avoid mixing of the oxidant and the fuel, while at the same time it
allows for transporting ionic species between the two electrodes. The electrodes in the fuel
cell are porous, and are used to increase the triple phase interface between the electrode,

electrolyte and the gas/liquid, and they also separate the bulk gas phase from the electrolyte.

There are five major classes of fuel cells. Typically the classification of fuel cells depends on

the type of electrolyte used, although there are many other important differences as well.


http://en.wikipedia.org/wiki/Hydrocarbon
http://en.wikipedia.org/wiki/Alcohol

There are solid oxide fuel cells (SOFC), polymer electrolyte membrane (PEMFC), alkaline
fuel cells (AFC), phosphoric acid fuel cells (PAFC) and molten carbonate fuel cells (MCFC)
(14). The principle of power generation is the same for all of these fuel cells, which is that the
Gibbs free energy change due to the fuel oxidation is converted to electrical energy according

to the following equation :-

AG =nFE (1.1)
where,

AG = Free energy of reaction

n = Number of moles of electrons transferred in the balance equation

F = Faraday’s constant, the charge on a mole of electrons=95,486 C/mol
E = Cell potential (V) under specific condition

Where the ideal efficiency,

n=AG/AH = (AH-TAS)/AH (1.2)
where,

n=Efficiency

AG= Gibbs free energy (in kJ)

AH= Enthalpy change

S= Entropy change (in kJ.K™)

T=Temperature (in K)



The ideal potential corresponds to the open circuit voltage if the electrolyte is an ideal ionic
conductor. From the above equation, a large ideal efficiency can be obtained at low
temperatures; however, it is not possible to obtain the ideal efficiency in the real fuel cell
operation. This is due to the ohmic resistance of the materials, and some slow chemical
reactions at electrolyte/electrode interface affect some energy losses, the result is that the
actual efficiency is much lower than the ideal efficiency. As such, efficiency losses decrease
with increasing temperature and high temperature fuel cells such as SOFC and MCFC have

advantages in the energy conversion efficiency compared to low temperature fuel cells (14).
1.1 Solid oxide fuel cell

A solid oxide fuel cell is made entirely from solid state materials. This entire solid state
ceramic construction minimises hardware corrosion, is resistant to gas crossover from one
electrode to the other and also allows for flexible design shapes. The porous electrodes in
SOFCs are separated by a gastight electrolyte. Electrolyte is a solid, nonporous metal oxide
which contains a fast ion conductor that rapidly conducts oxide ions (O*") and allows oxygen
to be transported from oxygen to a fuel rich atmosphere on the other side of the cell, when
connected to an external electrical circuit. The cathode is generally an oxide material that
catalyses the reduction of oxygen (1.3) and also facilitates the transport of the ionic species to
the electrolyte. The anode facilitates the oxidation of the fuel, typically hydrogen or reformed

hydrocarbons (1.4).
1 _ 2
EOZ(g)+2e -0 (1.3)

H,(g)+0* — H,0(g)+2e (1. 4)



SOFC electrolytes are ionically conducting oxides. Fuel cell stacks contain an electrical
interconnect, which connects single cells together in series or in parallel. Interconnects
function to conduct the electrons through an external circuit. Doped lanthanum chromite or

high temperature metals are commonly used materials for SOFC interconnects.

The composition of each component should be chemically and thermally compatible with
each SOFC component. Many complex metal oxides containing rare earths are used as SOFC
materials. The reason for this is that rare earth containing oxides have reasonably good
chemical stability which are resistance to SOFC operating conditions. Also, the
compositional flexibility in complex oxides with rare earth, transition metals or alkaline earth
metals show many different structural arrangements such as perovskites, spinels or fluorite
structures. These structures exhibit high ionic or mixed ionic conductivity (hole, electron,
oxide ion or proton) or catalytic activity which is essential for SOFC operation. Several
experiments and numerical investigations have been carried out to investigate the
electrochemical mechanisms taking place at SOFC components and to optimise the

performance of the fuel cell.

Currently, SOFC operate at relatively high temperatures of around 1000 °C, therefore high
reaction rates can be achieved without using expensive catalysts, and hence they allow for
highly efficient conversion to power. However, lowering the SOFC’s operation temperature
to about 700-800 °C is a major target in current SOFC research. Lowering the operating
temperature could also offer several benefits such as reduced degradation, being able to
replace ceramic interconnect with low cost metallic materials, ease of fabrication and also to
minimise sealing problems (14). However, reduction of the operation temperature is

sometimes unfavourable, because electrochemical processes that limit the current output of



the cell (ion transport in the electrolyte, anodic reactions and cathodic reactions etc.) are

thermally activated processes and become considerably slower at low temperatures.

The ideal voltage (E°) from a single cell under open circuit condition is close to 1.0V DC
according to the Nernst equation, but the useful voltage (V) under load in real conditions,

when current passes though the cell, is given by equation 1.5 (15).

V=E’-IR-n;-n, (1.5)
where

I=current passing though the cell

R= Electrical resistance of the cell

nz=Polarisation losses associated with the anode side

nc=Polarisation losses associated with the cathode side

To minimise the IR losses, it is useful to fabricate a dense, gas tight electrolyte membrane as
thin as possible (16, 17). Also, efforts to reduce the cathodic and anodic polarization

resistance in SOFCs can be beneficial to overall performance.

The major components of an individual SOFC cell include the electrolyte, the cathode, and

the anode. Currently used materials for these purposes are briefly described below.
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Figure 1.1: Schematic diagram of a SOFC fuel cell

1.1.1 SOFC anode

The anode facilitates the oxidation of the fuel. As shown in figure 1.1 fuel is oxidized by
incoming oxygen ions which releases electrons that flow through the external circuit.
Electrical conductivity, porosity, thermal expansion compatibility and the ability to function
in a reducing atmosphere are the key requirements for an SOFC anode. A wide range of

materials have been considered as anode materials for SOFCs (18).



The most common material for an SOFC anode is the cermets of nickel and yttria stabilized
zirconia (Ni =YSZ). In Ni-YSZ cermet, YSZ has many functions such as providing structural
support for separated Ni particles, preventing Ni particles from sintering while matching the
thermal expansion co-efficient and enhancement of adhesion of the anode to the electrolyte
(19). Also NiO-YSZ slurries are used, where NiO is reduced to Ni by a firing process. The
required porosity is achieved by using pore formers such as carbon, starch or thermosetting
resins. These pore formers will be burned out during the firing process while leaving pores
behind. Ni —YSZ provides high catalytic activity and stability which is a more desirable
quality for SOFC anode side application (20) but it has some drawbacks due to poor stability
against carbon deposition. Carbon deposition by thermal decomposition of hydrocarbons is
observed in actual SOFC conditions, which degrades nickel. There are other commonly used
anode materials as well such as Ni-ScSZ (scandia stabilized zirconia), Ni-Ceria, etc. Again, it
has similar drawbacks due to poor stability against carbon deposition and degradation is
observed by nickel sintering during long term operation. Cu-cerium oxides anodes are also
being studied as an alternative anode material as copper is a good electrical conductor and is
compatible with cerium oxide electrolyte fuel cells but has poor catalytic activity of

hydrocarbons (21).

1.1.2 SOFC cathode

The cathode facilitates the reduction of the oxygen molecule, which means, as shown in
figure 1.1. oxygen reacts with incoming electrons from the external load to become oxygen
ions that move through the electrolyte. The cathode has more or less the same requirements,
as the anode, such as electrical conductivity, porosity, thermal expansion compatibility and

additionally must be stable in an oxidizing atmosphere. The porosity is more important as it



allows oxygen molecules to reach the electrode-electrolyte interface. The mechanism at the

cathode involves various chemical reaction steps.

@ Triple phase boundary

2¢ +1/20; 5 0"
Gas phase

cathode e-

Figure 1.2: Schematic diagram for triple phase boundary

It is believed that the electrochemical reactions occur at the triple phase boundary (TPB) as
shown in figure 1.2, where the oxygen ion conductor, electronic conductor, and the gas phase
come into contact with each other. If there is any breakdown in the connectivity of one of
these phases in the TPB, the reaction cannot take place (22). In addition to that, any barrier to
access for ions, gasses or electrons to the reaction area, makes it inactive. Microstructure and
composition clearly affect the size and distribution of the TPBs. The rate determining steps
depend on material composition, operating conditions and microstructure.

As stated before, the choice of cathode material is a trade-off between a number of factors,

such as high electrical conductivity, catalytic activity for oxygen reduction, chemical stability

9



with other components and low interactions with electrolyte. However the number of cathode
materials has become well established within SOFC applications. At present, the most
commonly used cathode material is p-type lanthanum manganite (LaMnO3). Doping with rare
earth elements (such as Sr, Ce and Pr) will improve the conductivity. The most common and
well established material for this purpose is strontium doped lanthanum manganite
(La,Sr)Mn0O3) which is known as LSM. LSM has high electronic (hole) conductivity, high
chemical stability in an oxidizing atmospheres at high temperatures (~1000 °C), and the
thermal expansion matches with YSZ (23). There are also some drawbacks with LSM, such
as it forms insulating La,ZrO; at the interface between YSZ and LSM, which may degrade

the electrode performance (24, 25, 26).

The optimization of these materials is always a key issue to improve the performance of the
fuel cell but improvement of catalytic activity for the oxygen reduction reaction is most
important. There are other interesting materials under investigation e.g.; (La,Sr)(Co,Fe)O3

(LSCF) (27), (La,Ca)MnO3 , cobalt based oxides such as (La,Sr)CoO3 (LSC) , SmCoOs, etc.

Rare earth cobaltite materials offer significant amounts of oxygen vacancies, and exhibit
mixed conduction of an electron /or hole and the oxide ion, which can increase the reaction
area of the cathode reaction and reduce the reaction over-potential. LSC has both high
electronic conductivity and catalytic activity, however, similarly to LSM, it reacts with YSZ
at SOFC operating at around 1000 °C, which results in an increase of the over-potential.
SmCo03 also offers advantages, such as high catalytic activity as well as disadvantages, such
as high reactivity with YSZ and high thermal expansion.

The choice of cathode materials also depends on the electrolyte materials used, as extra care

must be taken in order to match the thermal expansion coefficients and to avoid undesirable

10



interface reactions. Most of the La based cathode materials react with YSZ at high operating
temperatures and form an insulating La,Zr,O; phase (28, 29, 30). Thus, lowering the
operation temperature may help to avoid the formation of La,Zr,O; and make it possible to
use a cobaltite based materials as the SOFC cathode. In SOFCs which operate at lower
temperatures, around 600-700 °C, materials such as (Sm,Sr)CoOj3 (31) , (Ba,La)Co03(32)
and (La,Sr)(Fe,Co)Os3 (33) can be used as the SOFC cathode material. Due to the comparably
high activation energy (often >1.5 eV) (34-39) of the oxygen reduction reaction, the cathode

needs particular consideration when the operation temperature is decreased.

Most of the materials currently used for SOFC cathodes have advantages as well as
disadvantages. Efforts to reduce the cathodic polarization resistance in SOFCs can be
beneficial to overall performance. Therefore, it is still worth investigating new materials and

to optimise current materials for better SOFC performance.

1.1.3 SOFC Electrolyte

The electrolyte is the other important component in fuel cells which facilitates the oxide ion
to migrate from one electrode to the other in order to complete the electrical circuit.
Electrolyte materials must have high ionic conductivity and a high transport number of ions.
Oxide ion conducting metal oxides are usually used as SOFC electrolytes. Certain
perovskites stabilized zirconias, conduct ions in a certain temperature range so such
electrolytes could be used as oxygen ion conductors in fuel cells (40). YSZ (of 3, 8, or 10 %
yttria) are the typical material currently used as SOFC electrolytes. It provides reasonable
conductivity at temperatures above 700 °C while providing negligible electronic conductivity

at these temperatures. YSZ has a high mechanical strength and high chemical stability over

11



wide range of oxygen potentials at high temperatures, and fine sinterable powders are
commercially available and easy for thin preparation. However, its ionic conductivity is ca.
0.13 Scm™ at 1000 °C, which is not as high as those electrolytes in other types of fuel cell
and conductivity gradually, degrades during long term operation (14). As mentioned before,
most of La-based cathode materials react with YSZ and form the insulating La,Zr,O;. But
with ceria-based electrolytes such as M,03-CeO, (M=Gd,Sm), this issue is not a concern.
Ceria based electrolytes offer higher ionic conductivity than YSZ (0.32 Scm™ at 1000 °C)
with lower activation energy and can be used for low temperature SOFCs. Therefore,
samaria-doped ceria (SDC) and gadolinia-doped ceria (GDC) are under consideration as
SOFC electrolyte material due to their higher ionic conductivities at reduced operating
temperatures (41-45). There are also some disadvantages such as mixed conduction of oxides
ion and electrons causing undesirable efficiency losses and isothermal lattice expansion at the
fuel side is also observed. Other materials also under investigation such as scandia-stabilized
zirconia (ScSZ2), (La,Sr)(Ga,Mg,Co)03; (LSGMC), (La,Sr)(Ga,Mg)O3 (LSGM), etc. But some

of the materials (e.g. ScSZ) are not cost effective.

1.1.4 SOFC Interconnect

Several fuel cells can be used in combination in order to achieve desired voltage and current.
It means that these cells need to be connected together by interconnects to the electrical
contact to the cathode, while at the same time protecting it from the reducing anode
atmosphere. Working in high temperature SOFC cells with a harsh environment means that
interconnects must fulfil firm requirements such as pure (100%) electrical conductivity, no

porosity to avoid mixing fuel and oxidant, be compatible with other SOFC materials and
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exhibit thermal expansion compatibility. Interconnects are exposed simultaneously to

reducing and oxidizing atmospheres.

LaCrO3 doped with rare earth elements (Ca, Mg, Sr) are used for SOFC interconnects at
operating temperature of around 1000 °C due its improved conductivity. Interconnects are
usually applied to the anode by plasma spraying and then the entire cell is co-fired. The
reduction of component costs (either in processing, or in raw materials) directly improve the
energy affordability. Therefore the economic motivation to use the usual metals for the
interconnects is leading the intermediate and low temperature SOFCs. At operating
temperatures in the 900-1000 °C range, the use of interconnects made of nickel-based alloys
possible (46). At or below 800 °C, ferritic steels can be used as interconnects. Below 700 °C
it is possible to use readily available and cheap materials such as stainless steel (47) as

interconnect materials.

Optimization of cathode, anode, electrolyte and interconnects is essential in order to achieve
good electrochemical performance for SOFCs. All materials currently being used for SOFC
application have some advantages as well as some disadvantages. However, there is still a
need to investigate and explore new materials which may offer advantages for better

performance.
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1.2 SOFC cathode

In this section, we pay more attention to the SOFC cathode material as we try to optimise
materials for SOFC cathode side applications. As stated before, a number of cathode
materials have been researched for SOFCs and some of these materials are approaching
commercial reliability. However, there is still need to explore interesting materials which
may offer advantages for the performance, robustness and durability of the system. Efforts to
reduce the cathodic polarization have resulted in numerous studies of a selection of different

cathode materials (48, 49).

Currently, SOFC research has been focused on finding new materials to operate at lower
temperature, although decreasing the temperature of the cell leads to large over-potentials,
mainly associated with cathode reactions. SOFC cathodes require high electronic and ionic
conductivity, good catalytic activity for oxygen reduction and good chemical and thermal
compatibility with other SOFC components. Ceramics that show longer range
crystallographic features such as layering may present many potentially useful properties due
to defect structures which can be introduced through doping and which could result in
considerable levels of ionic and electrical conductivity. Therefore, oxide-based materials
which exhibit significant conductivity are of great interest for SOFC cathodes and current
collector applications. In this section, SOFC cathode materials are described in more detail
using different types of materials. These include commonly used conventional perovskite
materials (e.g. LSM) and K;NiF,-type materials (e.g Ln,NiO4 where Ln=La, Nd and Pr), and

finally cuprate based cathode materials (electron doped Nd,CuO,) are considered.
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1.2.1 Perovskites for SOFC cathode

A perovskite type oxide-based material has the general formula ABO3, where the A and B
cations have a total charge of +6. Figure 1.3 shows the typical structure of cubic perovskite
but most perovskite structures do not exhibit cubic structure, but are distorted. Most of these
distortions (such as cation displacements in the octahedra and the tilting of the octahedron)
are correlated to the properties of the A and B cations. In most of the perovskite-based SOFC
cathode materials, the A site cation is a combination of rare and alkaline earths (e.g La and
Sr, Ca or Ba), and the B site cation is a reducible transition metal (e.g Mn, Fe, Co, Ni). The
redox catalytic mechanism is commonly given by the B site cations rather than A site cation
(50). The lower valence A cations are bigger in size and they are coordinated to twelve
oxygen anions while B cations reside in a smaller spaces and are coordinated to six oxygen
anions. Partial substitution or full substitution of A or B cations, with different valence

cations, can be achievable for ABO; type perovskite structures.

Figure 1.3: Schematic diagram of the cubic perovskite for ABO; type structures (51)
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Perovskite-based materials are commonly used for SOFC cathode applications with the
formulas such as (La,Sr)MO3; where M = Mn, Co, Fe. These materials are mixed with
electronic/ionic conductors and exhibit better ionic transport properties (due to its oxygen
over-stoichiometry), electronic conductivity (due to its metal mixed valence), better catalytic

activity for the oxygen reduction and compatible thermal expansion properties (52 -55).

Mn-based cathodes are used for zirconia based systems working at above 800 °C, while M =
Co, Co/Fe are used for lower temperature SOFCs based upon ceria electrolytes. Currently,
most of the cathodes are based upon high oxidation transition ions such as Mn, Fe, Co, and
Ni in an oxide lattice (51). On heating these types of oxides, or applying a bias, they lose
oxygen and the transition metal ions become reduced, the lattice expands significantly or may
even decompose. These materials are normally classified as p-type conductors. Perovskite-
based SOFC cathode materials are briefly discussed below in different categories; they are
lanthanum manganite based cathodes, other magnetite cathodes, lanthanum cobaltite cathodes

and finally lanthanum ferrite cathodes.

1.2.1.1 Lanthanum manganite cathodes

For lanthanum manganite, the most famous and commonly used dopant for an SOFC cathode
is strontium (La;xSrxMnQgs), because its size matches that of lanthanum. As stated before,
LSM offers good thermal and chemical stability with smaller coefficients of thermal
expansion, good compatibility with electrolyte (YSZ) and good electronic conductivity
(23,56,57) In addition, it has reasonably good functionality at intermediate temperatures at
around 700 °C, and may be used with alternative electrolyte materials. However Mn-doped
materials are less active than Co and Fe analogues, therefore use at lower temperatures is

more problematic.
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1.2.1.2 Other magnetite cathodes

Most of the manganite-based perovskite materials do not offer good enough electrical
properties at operational temperatures below 800 °C. Therefore researchers have been
studying (LnSr)MnOs3 systems as a SOFC cathode where Ln=La, Pr, Nd, Sm, Gd, Yb or Y
(58). Strontium-doped PrMnO3 cathodes have shown low-over potential values, even at lower
operational temperatures (and are used for IT-SOFCs) and exhibit a compatible thermal
expansion coefficient with YSZ. Additionally, the formation of unwanted insulating phases
with Ln,Zr,0O; can be avoided by using smaller lanthanoids, especially the Nd;.xSryMnOg3

PrixSrkMnQO3 and Sm;.,SrkMnO3 systems (59).

Most of the work has focused on the lanthanide manganite materials where the A site is
strontium doped, but some work has focused on A site calcium doped magnetite
(Pro.7Cap3MnQ3) cathode materials, which show good chemical stability and were thermally

compatible (11.9x10°° K™) with YSZ electrolyte materials (60).

1.2.1.3 Lanthanum cobaltite cathodes

Cobalt based materials often display better conductivities (electronic and ionic) than other
types of perovskite based cathode materials. Hence, the use of cobalt based materials as
SOFC cathodes should result in a decrease in the resistance of the cathode polarization. La;-
xSrkC003.4 materials have been reported with better electrode activities due to its high
dissociation ability of oxygen molecules and high oxygen diffusivity. However, there are
some drawbacks such as large amounts of cobalt-based cathode material result in an
increased thermal expansion coefficient, which can result in a cracking of the electrolyte or

delamination of the cathode/electrolyte interface (61).
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1.2.1.4 Lanthanum ferrite cathodes

LaFeO; type cathode materials are expected to be more stable than cobaltite type perovskites
cathode materials as the Fe** ion has a more stable electronic configuration (3d°). Doping
LaFeO3 with strontium has shown promising cathode performance (62, 63). Also, ferrite
based cathode materials have significantly reduced reactivity with YSZ. In addition, thermal
expansion co-efficient values (TEC) of the ferrite perovskites are comparatively close to

those of CGO and YSZ electrolyte.

1.2.2 K;NiFs-type materials for SOFC cathodes

Several interesting cathode materials with K;NiF, type structures are currently under
investigation as SOFC cathodes due to their excellent electrochemical properties. They are a
likely substitute for perovskite materials and show considerable promise as a potential SOFC
cathodes. As shown in figure 1.4, KoNiF, type structures are formulated as A,BO,4, which is
described as a stacking of two layers, A,O, layers with alternating BO, layers along the ¢

direction.
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Figure 1.4: Schematic diagram of K,NiF, type structure showing alternating A,O, and BO, layers

(64)

Significant mixed ionic and electronic conductivity has been reported for these K;NiF, type
structures (65). As discussed previously, lowering the operational temperature of SOFCs
offers several benefits, therefore Ln,NiO, type structures (Ln = Nd, La, Pr) have been studied
by several groups and are reportedly more promising, even at low temperature SOFCs, and
also as oxygen separation membranes (53,66-71). These structures typically have high
oxygen diffusivity and catalytic activity which is due to the interstitial oxygen in the rock salt
layer (53,71). Interstitial oxygen in these structures can be accommodated to promote ionic
conductivity (55, 72). Also, the diffusion coefficient and the surface exchange coefficient of

K2NiF, type oxides are larger than those of conventional perovskite type oxides.
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These materials show p-type electronic conductivity (69) and also offer TECs close to YSZ
and CGO electrolytes (71). Long term stability at higher operation temperatures is more
important for the SOFC material. As most Lanthanum-based cathode materials react with
YSZ and form an insulating phase, researchers have focused on alternative materials for
SOFCs with lanthanum free materials. Therefore, ProNiOy4.s has been researched as an SOFC
cathode and is reported to have a high intrinsic bulk oxygen diffusion coefficient value
(D*=2.5x10"° cm? s at 873K) and an oxygen exchange coefficient at the surface of the
material of k= 5x10~" cm? s, (69). It has also been reported that ProNiO,.s shows the largest
amount of interstitial oxygen (6~0.22 at room temperature), which is presumably due to the
smaller ionic radius of Pr** which creates large structural stresses that is released by oxygen

insertion (73). Because of these excellent electrochemical properties, K,NiF, type oxides

look promising as future SOFC cathode materials.

1.2.3 Cuprate based materials for SOFC cathodes

Long-term stability and stability in air with adjacent materials during processing are crucial
requirements for the SOFC cathode side applications. Among these are poisoning due to
volatile Cr species from the interconnect, balance of plant, and other high temperature
plumbing. The presences of Mn and Sr have both been implicated in the sensitivity to Cr

(74).

Cu based compounds are currently gaining greater attention within the fuel cell community,
as they are good potential candidates as cathodes for SOFC. Recent research has targeted
cuprate based materials for possible SOFC applications which show stable conductivity in
reducing atmospheres and also allow efficient contact and current distribution. YBa,CuzO7.y

(YBCO123) is a well known perovskite related cuprate material widely studied as a possible
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cathode material in SOFCs which show p-type conductor behaviour. Unfortunately, it also
has a number of drawbacks due to degradation at low oxygen partial pressure or under

polarisation condition (75).

Therefore p-type conducting cuprate (Cull/lll) superconductors perhaps would offer the high
electronic conductivity and fast oxygen diffusion required for a good cathode material though
such materials are not particularly stable under load (75). However, Tao and co-workers have
demonstrated a successful new concept of using a p-type conductor instead of the
conventionally used n-type material as an anode, thus improving performance under load (1).
Similarly, an n-type oxide with high electronic conductivity would offer a cathode material
more resistance to chemical change on heating or load and its properties may improve under

load.

The electron doped Nd,CuO,4 family shows significant electrical conductivity which is of
great interest for SOFC applications. In an n-type conductor, electrons are the charge carriers.
To date, most studies of the electron-doped neodymium copper oxide family have studied
their crystal chemistry and superconducting behaviour (76-78), but have yielded little
information on their high temperature electrical properties. A major interest in this material is
electron doping (as opposed to hole doping) as it may shed light on the mechanism of
superconductivity (79-80). There are few examples of such highly conducting n-type oxides
that are stable under oxidising conditions, with the most important example being studied for

this purpose being Ce doped neodymium cuprates ( Nd,-xCexCuOg.q) (76,81) .

Most of the cathode materials (LSM, LSCF, YBCO123) currently being studied exhibit p-
type semi-conductivity but it is expected that n-type conductivity may give operational
advantages when operating at mild oxygen deficiency (e.g high oxygen utilization) or high

cell polarisation, where the local cathode oxygen partial pressure is reduced. Also, as they
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contain neither Mn nor Sr, (both of which have been implicated in nucleating Cr deposition)
they may also have benefits in terms of Cr tolerance. Previous work in our group has
identified that the highest conductivity of Nd,.xCe,CuO,4 may exist around a dopant level of X
= 0.20 and is stable at different temperatures. It also shows high conductivity which is stable
to chemical and thermal stress while under load (82).Also, at room temperature the electrical
conductivity of these cuprates is metallic/semi-conducting depending on the composition (77,

83).

A,BO, stoichiometry adopts a variety of structures closely related to the K;NiF, structure
type. They are T, T", T* and O. All of the reports on these prospective cathode materials have
focused on the tetragonal (T) and /or orthorhombic (O) K;NiF, type oxides with less attention
given to the reported T’ phase structure type materials. Nd,—xCexCuQyss (I/11) adopts the T’
structure with the space group 14/mmm and displays Cu in square planar arrangements,
planes of CuO, separated by Nd oxide fluorite layers and has flexibility in oxygen
stoichiometry. Cu layers distorted in undoped Nd,CuQ,, doping reduces stress as well as
introducing donor electrons. It has been reported as having significant total conductivity at

temperatures up to 800 °C with a semi-conductor/metallic transition at ~. 500 °C (81).

1.3 Crystal chemistry of Ln,CuQ,structures

Rare earth (RE) based compounds of general formula A,BO, (2-1-4 compounds) have been
studied by several researchers for A (La, Nd) and B (Cu, Ni). Their different properties such
as electrical (84-85), magnetic (86-89) and crystallographic transitions (89, 90) have been
studied. In the case of La,,Ln,CuO4 (Ln = Lanthanide), three different tetragonal equilibrium

structures T, T", T stabilise depending on the size of the lanthanide cation and the value of
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the substitution ratio y due to the bond length being matched to the intergrowth interface (76,

77, 91-95).

Table 1.1 summarises the major differences and possible space groups for these phases. The
structural features common to all of these phases is the presence of CuO, planes but copper
coordination can vary within these planes four —fold (T~ phase), five -fold (T* phase) and six-
fold (T phase). The structures of T°, T and T* are shown in figure 1.6, 1.7 and 1.8

respectively.

phase Cu coordination | Ln-O layer | Ln coordination | space group
arrangement

T 4 Fluorite (F) 8 [4/mmm

T 6 Rock-salt (RS) |9 [4/mmm

T 5 F.RS 8,9 P4/nmm

Table 1.1: Major differences and possible space groups for T*, T and T* phases

With multiple transition metal coordination it is possible as these materials can adopt a wide
range of oxygen stoichiometries. The excess oxygen content resides on interstitial sites, as in
the transition metal analogues. They are not compensated by cation vacancies as is often
observed in ABOj3 type materials. This could lead to interesting electrical behaviour in these
ceramics, which may be of interest for electrochemical applications such as solid oxide fuel
cells. In this study, two different crystal structures were considered, one of the tetragonal

modifications T, and the orthorhombically distorted K,NiF,-type structure denoted as T/O.
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The parent compounds of these structures are Nd,CuO, for T” and La,CuO4 for T/O. In these
cuprate systems, Cu can be oxidized (formal valence becoming greater than 2) or reduced
(formal valence becoming less than 2) either by uptake or removal of oxygen respectively, or

through a cationic substitution.

As shown in Figure 1.5, the transition from the T to T~ structural preference on going from
La to Pr, Nd, Eu or Gd is driven by the lanthanide contraction, with a smaller Lanthanide ion

favouring 8 fold rather than 9 fold coordination (96).

Gd,CuO, * Eu2CuO4 ®
Sm,CuO, * LazCuO4 o]
Pr,CuO, *®
2~ La, Nd CuO,
Nd,CuO, * o——0
‘Ndz_xY Cu0 g La, Eu CuO,
. . o o

La, 3, Tb, (,CuO, *

1.00 1.05 L.I0 L.I5
Average Rare-Earth Ion Radius (A)

Figure 1.5: Stability fields of the T and T~ structures in rare-earth cuprates as a function of average
rare-earth ionic radius. Filled circles represent the T” phases, open circles represent the T phase and

stars represent the T* phase (96)

24



1.3.1 T - Nd,CuO, Structure

Nd,CuO,4 shows a typical T" phase structure (figurel.6). The structure consists of Cu atoms
located in flat CuO,? layers, with Cu in a strictly square planar coordination, alternating with
Nd,0,** layers. The Nd,O,?* layers display a fluorite structural arrangement. Nd atoms have
an oxygen coordination number of 8 and are located in this layer far from the Cu apical

position (97). Rare earth ions of intermediate size (Pr-Gd) exhibit the T~ structure.

Figure 1.6: Schematic diagram of T"- type structures
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Average Cu-O bond length in Nd,CuOy4 is around 1.973 A and the average Cu-O bond length
in Cu (11) oxides is between 1.93-1.94 A (96). Therefore in Nd,CuQ,, the CuO,* layers are in
tension and which leads to unusually long in-plane Cu-O bonds in Nd,CuO,. Introducing
electrons into this system by electron doping is liable to increase the in-plane Cu-O bond
length. Therefore electron doping is favourable for the T  structure where bonds are in

tension. Furthermore hole doping in T"-Nd,CuQy is unfavourable.

Cationic substitutions in the T phase of the Nd,.xMxCuQ, system involves replacing the
trivalent rare earth by a tetravalent ion. In this system, electron doping can be achieved by
substituting a tetravalent cation (Ce**, Th*, Pr**) for Nd** or by substituting a monovalent

anion (F") for 0% (98).
1.3.2 T-La,CuO, Structure

As shown in figure 1.7, in the La,CuOy (T phase structure ), the La,0," layers display a rock
salt structure, with La having a total oxygen coordination number of 9. Oxygen atoms are
located in the apical positions in the CuO,* sheets, above and below Cu. The structure can
undergo a slight orthorhombic distortion from the K;NiF, structure. It is normally denoted as

an orthorhombic T phase (T/O). Rare earth ions of large size (e.g. La) exhibit T/O structure
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Figure 1.7: Schematic diagram of T type structures

Average Cu-O bond length in La,CuQj is around 1.90 A and the average Cu-O bond length
in Cu (11) oxides is between 1.93-1.94 A (96). In La,CuO4, the CuO,> layers are compacted
by the neighbouring La,0,%", which lead to unusually short in-plane Cu-O bonds in La,CuOQ..
This compression of the CuO,® layers in La,CuO4 also results in the well known

orthorhombic distortion in this system at low temperatures (99).

Removal of electrons from this system by hole doping is liable to shorten the in plane Cu-O
bond. Therefore hole doping is favourable for the T structure where Cu-O bonds are in
compression. Relief of the compressive stresses in the Cu-O plane is the driving force for
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hole doping in the T structures. Therefore, electron doping in T- La,CuOy is unfavourable.
Hole doping can be achieved for the La,CuQO, (T/O phase) by partial replacement of the
La®* by an alkaline metal, an alkaline earth metal or by the insertion of interstitial oxygen,
fluorine or chlorine to the system thereby increasing the formal valence of the copper (100-

104).

1.3.3 T* Structure

Figure 1.8: Schematic diagram of T~ type structure

28



As shown in figure 1.8, the T phase is an intergrowth of the T and T~ structure, which is
evidenced when the rare earth ion site is occupied by two ions of very dissimilar radii. T*
phase has Cu five-fold coordination with the oxygen atoms occupying both the apical oxygen
(4d) and fluorite—type oxygen sites (4e). It alternates between rock salt layers of the T
structure and the fluorite-type layers of the T~ structure. For the smaller lanthanides,
particularly for Th and Dy, T hybrid structure is formed only over a very narrow range of
compositions (92, 94). T* phases have been reported for the composition Lay.xThx CuQy,

where x = 0.6, 0.7 (105), and La; 1Dyo.9CuQ4 (92).

Due to bond-length matching, smaller Ln®" ions preferentially locate in the fluorite-type
layers (106). In the case of Lay,LnyCuOs,, the thermodynamic stability of the T~ phase can be
improved by the partial substitution with Sr** which leads to a wider compositional range for
La,yLnyCuO4 (Ln=Nd,Sm,Eu,Gd,Th and Dy)(94). And also it has been reported that Sr-
doped materials become superconducting (T=30 K) after annealing in high-pressure oxygen

(107).

1.3.4 T Structure

Interestingly, another phase called T™" has been reported for the Ln,xLn'x\CuQg.s family
which has similar X-ray diffraction patterns to T", but has larger a and ¢ parameters compared
to the T™ phase. It has been suggested that T™" contains unique cation ordering of roughly
3(Ln):1(Ln") in the Ln-O layer, and interlayer ordering at the LnsLn' composition and it has

been claimed as an equilibrium phase (76, 77, 91, 108).

Studies on Lay.yNd,CuO,4 and La,,PryCuO, systems have reported slightly larger a and c cell
parameters for the T™" phase appearing as a line phase at y=0.5 (La=1.5) composition, and

also suggested it is an ordered form of T (76, 77, 91). Ideal Cu co-ordinations for T", T*, T

29



are 4, 5 and 6 respectively. However, there is no solved crystal structure for the T"" phase in
the literature. Therefore it is very important to identify the new T"" phase, and to gain a better
understanding of the oxygen occupancies within these phase transitions (T to T7).
Hypotheses on the T"" phase in the literature have not yet been confirmed and some are in
disagreement with our studies. Therefore we have fully explored this system in detail using
temperature dependent X-ray diffraction, selected area electron diffraction (SAED), neutron

diffraction and conductivity measurements as described in chapter 5.

1.4 Properties of La,CuO4and Nd,CuQ, structures

Due to different structural arrangements, Nd,CuO, (T") and La,CuO4 (T) show different
properties, for example T'-Nd,CuQ, is a semiconductor while T-La,CuO, is metallic.
Nd,CuO,4 and La,CuQ, are the parent compounds of the electron and hole-doped high-T,
superconductors respectively. La,CuQ, is a superconducting material when doped with holes
either by replacing some of the La with Sr, Ba, Ca, or Na (e.g. LajgsSrp15CuQy is
superconducting at 38 K (109) or by introducing excess oxygen into the structure (e.g.,
La,CuOg13 is superconducting at 38 K (110). T" structure of Nd,CuQ,4 superconducts only
when electron-doped, for example Nd; gsCeg15CuQy is superconducting at 24 K (98) and
Nd1 85CuQO36 Fo.4 is superconducting at 27 K (111). The properties of the T" and T phases also
strongly depend on oxygen stoichiometry, for example superconductivity in Nd;gsCe
015CuO,4 can be altered by changes as small as 1% in oxygen content (112,113). The
properties of La,CuQy.;s also depend on the oxygen stoichiometry, for example La,CuQy.; IS
an anti-ferromagnetic semiconductor where the Neel temperature is 257 K (114). But this

anti-ferromagnetic behaviour disappears with small changes (1%) in oxygen stoichiometry.
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As & becomes positive, holes are introduced into the structure which tend toward metallic
behaviour (96). Therefore oxygen stoichiometry is a crucial factor for the determination of

the properties of Nd,CuO,and La,CuOs,.

Both these materials have a layered structure and good conductivity properties could be
expected as a result. Both T and T” phases show very good performance as electrodes, with p-
type and n-type conducting properties, respectively. As discussed previously, both these p-
and n-type cuprates are expected to be good candidates for SOFC applications. T phase
displays high oxygen diffusivity and catalytic activity, which is caused by interstitial oxygen
in the rock salt layer (75) and T phase type oxides (Nd,xCexCuO,) which exhibit n-type

behaviour, are also of interest and are studied as interesting cathode materials (82).

P-type cuprate superconductors offer high electronic conductivity and fast oxygen diffusion,
which is required for a good cathode material and n-type cuprates with high electronic
conductivity may offer higher resistance to chemical change on heating or load, which is
desirable for a good cathode material. Therefore, both these structures are important in the
SOFC community as they display good electrical properties and currently being investigated

as potential candidate for SOFC cathode.

1.5 Phase relationship and structural transition in  Nd,.,La,CuQO4 system

La,«LnxCuO,4 (Ln = Nd-Y) have been investigated by several researchers to understand the
crystal chemistry and stability of the related phases of T, T", O and T* structures (76, 77, 91,
94,116,117). Bringley and co-workers proposed an ionic model to discuss the crystal
chemistry of these materials and the correlation between the size of the lanthanide cation (Ln)

and structure (94). They used the perovskite-like tolerance factor (t) to define the stability
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limits of the T, T', and T* phases. As shown in figure 1.9, T structure is found to exist for
0.87 <t <0.99, T’ structure occurs for 0.83 <t < 0.86 while T* structure occurs in a very
narrow region closest to the boundary of the T/T" stability field. They also found that T*
phases become quite stable when RE = Tb, Dy. They explain that there is competition
between copper ions and lanthanide ion and for bonding with the apical oxide in La,CuOs. In
the T" phase, the Cu-O bond length elongates with respect to the equatorial Cu-O in the T
phase, and the Nd-O bond distances are shorter than the La-O bond distance. It has been
suggested that the RE-O layer is the main driving force in this T-T" transition in La

2-xNdxCuOy, system (94).
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Figure 1.9: Composition of discrete phases and solid-solutions exhibiting the T, T', and T* structures

found in (La,RE),CuO, where RE s denotes a rare earth element (94)

The study of the solid solubility of Nd,CuQ, (T") and La,CuQ, (T) provides a measure of the

relative stabilities of these structural phases. Therefore, it is interesting to examine the nature
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of the transition from the Nd,CuO, structure to the La,CuO, structure by examining the
crystal structures and electrical properties of the solid solutions. Changing the lanthanide ion
from Nd** to La®* leads to the related T structure. It is known that in La,xNdyCuQ,, phases
with x < 0.5 exhibit the T structure and phases with x > 0.6 exhibit the T structure (118). It
has been reported that a more condensed structure was obtained for the T structure compared
to T’ phase, for example the volume of LaNdCuQq for T" (14/mmm, Z=2), T (14/mmm, Z=2)

and O (Cmca, Z=4) were 195.328 A3 174.10 A® and 354.82 A3 respectively (119).

Studies on Ndj gsxLaxCep15CuO, and Ndj gsxLaxThg1sCuO,4 systems have shown that the
with increasing lanthanum content, T" phase may transform to the T phase without any
evidence of the T* phase and the solubility limit for La is increased by the presence of Ce
(117), hence evidence for the T* phase for La,«NdyCuO, is very rare in the literature.
Therefore, most of the studies on the La, «NdxCuQ,4 system that have been reported show two
major phases (T", T). However, some research groups have identified another new phase
called T (76, 77, 91, 108). T"" has been reported to have a similar X-ray diffraction pattern
to T’, but slightly larger a and ¢ parameters compared to the T~ phase. As shown in figure
1.10, there are five distinguishable regions for La,.xNdxCuO,4 at room temperature. They are
(1) monophasic T~ solid-solution (2) two phase mixture T" + T"" (3) monophasic T"" (4) two

phase mixture T + O and (5) monophasic O-phase solid-solution.
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Figure 1.10: Variation of room temperature lattice parameters with tolerance factor (t) or y for the

La,.,Nd,CuO, system (77)

In the La,.yNd,CuO, system, it is claimed that the T~ phase appears as a line phase at y~0.5
(La=1.5) composition where the Nd:La ratio is roughly around 3:1 (76,77,91).The two phase
(T"+T"") region was observed at 0.6 <y < 1.1 for La,.,Nd,CuO, .Work carried out at 950°C
in air by Singh et al. (116) evidenced the T structure in the 0 <y < 0.17 range, and T" in the
0.25 <y <2, whereas Wang et al (117) reported a two phase (T +T) region with 0.4 <y <
1.1 for samples prepared in oxygen at 1100°C. Bringley et al. (95) observed two phases for
0.8 <y < 1.0, and they found that prolonged heating (>100 hr) in air at 1050°C, with
intermediate regrinding, produced the single phase T°, when the samples were quenched.
They also suggested that the T~ solid solubility field narrows at higher temperature and/or

higher oxygen activity and that phase relationships depend strongly upon synthesis and
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annealing conditions. Reported phase relationships in these systems vary and depend on the
synthetic route, firing temperature and the stability/metastability fields of the closely related

T, T, and T phases.

1.6 Semiconductor materials

A semiconductor is a substance that has conductivity (~10° to 10 Scm™) in between an
insulator and conductor, This can be due either to the dopant or to temperature effects.
Generally semiconductors are crystalline solids, but amorphous and liquid semiconductors
are also identified. Semiconductor materials are commonly used in modern electronics, such
as radios, telephones, computers, and many other electronic devices. Semiconductors fall into

two main categories; intrinsic and extrinsic.

Semiconductor band gaps are small enough, such that a small increase in temperature
promotes a sufficient numbers of electrons from the valence band to the conduction band.
This creates electron holes, or unoccupied levels in the valence band, and very loosely held
electrons in the conduction band. The conductivity of intrinsic semiconductors is reasonably
low at room temperature. Conductivity can be considerably improved by the doping
processes making it an extrinsic semiconductor. The negative charge of the electrons is
balanced by an equivalent positive charge in the centre of the dopant atoms. Hence, the net

electrical charge of the semiconductor material is not changed.
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1.6.1 Intrinsic semiconductors

Intrinsic semiconductors are also called pure semiconductors and they do not contain any
dopant species. Therefore the number of charge carriers is determined by the properties of the
material itself instead of the amount of impurities. In an intrinsic semiconductor, the number
of electrons in the conduction band is equal to the number of holes in the valence band. The
electrical conductivity of intrinsic semiconductors can be due to crystal defects or to thermal

excitation.

1.6.2 Extrinsic semiconductors

An extrinsic semiconductor is a semiconductor that has been doped with other substances in
order to change their conductive properties. This means that their electronic properties and
conductivity may change in a controlled manner by adding specific dopants to the intrinsic
material. Dopant atoms come from different elements than the atoms of the intrinsic
semiconductor. The electrical conductivity may be changed, not only by the number of
dopant atoms, but also by the type of dopant which may produce 10%-10° increase in
conductivity. Therefore, specific properties of extrinsic semiconductors depend on the

specific dopant added to them.

Dopant atoms act as either donors or acceptors to the intrinsic semiconductor atoms and
change its electron and hole carrier concentrations at thermal equilibrium. Depending on the
carrier, concentrations of an extrinsic semiconductor, they are classified as either n-type or p-
type. Electrical properties of these types of semiconductors make them essential components

of many electronic devices, solar cells, fuel cells, etc.
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1.6.3 N-type and P-type semiconductors

Electrons are the charge carriers for n-type semiconductors, while p-type semiconductors
carry current mainly as electron deficiencies called holes. A hole has a positive electric
charge, equal and opposite to the charge on an electron. Applying an external voltage to the
sample, both the electron and the hole can move across the material. Flows of holes occur in
a direction opposite to the flow of electrons in a semiconductor. In an n-type semiconductor,
the dopant donates extra electrons which considerably increases the conductivity. However,
in a p-type semiconductor, the dopant creates extra holes which similarly increase the
conductivity. Therefore, both n- and p-type semiconductors are important for many

applications.

1.6.4 Fermi level and band theory for extrinsic semiconductors

The Fermi level is important to describe the behaviour of extrinsic semiconductors and also
helps to explain the different behaviours between insulators, metals and intrinsic and extrinsic
semiconductors. The Fermi level of a substance is defined as the highest occupied energy

level found in that substance at absolute zero temperature (0 K).

In band theory for semiconductors, there are mainly two bands to consider. The fully
occupied lowermost band, called the valence band and the (almost unoccupied) uppermost
band is called the conduction band. Only when electrons are excited to the conduction band
can current flow in these materials. One of the main mechanisms for electrons to be excited
to this conduction band is due to thermal activation. Therefore, conductivity of

semiconductors is strongly dependent on the temperature of the material.
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Donor impurity atoms contain more valence electrons than the atoms they replace in the
intrinsic semiconductor lattice and provides extra valence electrons to a semiconductor's
conduction band. These excess electrons increase the electron carrier concentration of the
semiconductor, making it n-type. Acceptor impurity atoms contain less valence electrons
than the atoms they replace in the intrinsic semiconductor, it accepts electrons from the
semiconductor's valence band and provides extra holes to the intrinsic semiconductor. These

extra holes increase the hole carrier concentration of the semiconductor, making it p-type.

Band theory of n-type semiconductors shows that they have a Fermi level higher than the
intrinsic Fermi energy level and it lies closer to the conduction band, while p-type
semiconductors have Fermi energy levels below the intrinsic semiconductors and lie closer to
the valence band. N-type and p-type semiconductors show that extra energy levels have been
added by the dopant (Figure 1.11). In n-type materials, extra electron energy levels lie near to
the top of the band gap, hence they can be more easily excited into the conduction band,
while in p-type materials, creation of an acceptor energy level, close to the valence band,
allows excitation of valence band electrons, leaving mobile holes in the valence band. The n-
and p-type labels specify which charge carrier is its majority carrier. The opposite carrier is
called the minority carrier, which is present due to thermal excitation at a much lower

concentration compared to the majority carrier.
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1.7 Nd,«PryCuQ, system (NPCO)

Another possible system of interest as a SOFC cathode material is the n-type semiconductor
praseodymium doped neodymium cuprates (Nd,-xPryCuOa.;). Similar to Nd,CuQO,4 Pr-doped
Nd,CuO,4 exhibits T" phase. As with the Ce doping described previously, the aim is to
incorporate tetravalent cations into the structure both to introduce donor electrons and to
relieve some of the stress in the CuO planes to improve the conductivity. However,
praseodymium exists in several non-stoichiometric oxide phases with a mixture of Pr** and
Pr¥* cations present, a common example being Pr¢O1;. This mixture of oxidation states and
the resulting oxygen non-stiochiometry is of considerable interest in SOFC cathode
applications as it may be advantageous for the adsorption of oxygen species during oxygen
reduction or for the enhancement of mixed ionic-electronic conductivity within the bulk of
the material. Therefore, doping with Pr can be useful for electrocatalysis of the oxygen

reduction process.
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Therefore in this thesis, Pr doped Nd,CuO4 has been investigated to probe the basic high
temperature electrical characteristics and how this matches with those required for
components on the SOFC cathode side. Furthermore, the aim of this work was to make a
new concept in SOFC cathode and current collector development, using n-type conductors
instead of p- type conductors and try to produce a high conductivity material which are stable
to the chemical and thermal stress that exist while under load that can be used in cathode or
current collector application. Electrocatalytic properties were investigated for Nd,xPrCuQ4
as a cathode material and then evaluated performances on both ceria doped gadolinia (CGO)

and ytria stabilised zirconia (YSZ) based electrolytes using area specific resistance vales.

1.8 Nd; gL axPro.,CuQ,4 system (NLPCO)

As described before, La,CuQ,4 (T ) and Nd,CuO,4 (T") are well known as the parent phases of
the p- and n-type cuprate superconductor families with ideal Cu co-ordinations of 4 and 6,
respectively (101,98).These multiple copper coordinations play an important role in the
choice of possible dopants and their properties. Due to these different crystal structures they
exhibit different properties, for an example Nd,CuO, (T") is semiconducting while La,CuQ,
(T) is metallic. Therefore it is interested to study the structural transition T" to T using
Nd,CuO4-La,Cu0,4. Many researchers have explored this system, and reported that the Nd,.
yLayCuO4 bond length matching across the intergrowth interface stabilizes mainly three
different structures T/O, T, T depending on the La substitution ratio (y)
(76,77,91,108,116,117), but the phase relationship between these systems in literature varies
and is strongly dependent on the synthetic route, firing temperature and the stability

/metastability fields of these closely related phases .
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To study the T  phase stability with respect to T, T* and O phases, lanthanum-doped
neodymium praseodymium  cuprate (Nd,.x., La,PryCuO,) systems were used. Co-doping
with La and Pr into the Nd,CuQ,4 (T") causes more distortion to the T~ structure. Increasing
the lanthanum content, the T~ phase may transform to the T phase with possibly an
intermediate phase occurring. There is no literature on phase transformation of Nd,.x-
yLaxPry,CuO,4 system. Therefore this system has been fully explored in this thesis with
different techniques. Nd.x.yLa,PryCuO, materials have been produced with composition over
the range 0<y<1.8 and x=0.2. Doping with Pr*" (PrsO1;) relieves some of the strain in these
Cu-O layers, and also introduces electrons to the system which promotes n-type behaviour.
The aim has been to keep Pr level constant while changing the ratio of La and Nd (Nd; g.x-
yLaxPr,CuQO,) and study any crystal change along this series.

In order to introduce the maximum number of electrons in to the system while avoiding the
formation of ex-solution phases a Pr dopant concentration of x=0.2 was used and kept
constant all over the series. According to our knowledge there is no high temperature phase
characterisation study for these systems in literature. Therefore in this work we investigated
the high temperature X-Ray analysis for T, T", T"" and O phases to get a better understanding
about this system. Also as has already been discussed these materials exhibit a layered
structure; this will lead to highly anisotropic behaviour especially with respect to
conductivity. Therefore the structural, magnetic and electrical properties of Ndyx

yLaxPr,CuO4 (NLPCO) materials have been investigated for the selected compositions.
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Chapter 2- Experimental techniques and their theoretical background

2.0 Introduction

All the materials studied in this PhD have been synthesised by solid state methods and
characterised by different techniques, therefore in this chapter, experimental techniques and
their theoretical backgrounds are briefly summarised. They include solid state reaction
methods, X-ray diffraction, electron diffraction, neutron diffraction, thermal analysis,

magnetization method, conductivity measurements and impedance measurements.

2.1. Solid state reaction methods

A solid state reaction is also referred to as a dry media reaction or as a solventless reaction. It
is a chemical reaction in which solvents are not used whatsoever. In a conventional reaction
the reactants are placed in a solvent (organic or aqueous) so that they can chemically react to
form new substance. After the reaction is completed, it is capable to extract the new product
from the solvent by different methods such as solvent extraction or evaporation techniques.
But in a solid-state reaction, however it allows the reactants to chemically react without the
presence of any solvent. With normal reactions it is necessary to remove the residual solvent
from the resulting product after a reaction has occured. But producing a material from a solid
state reaction mean able to bypass the purification process and also is more environmentally
friendly since there are no solvents, there is no waste to eliminate at the end of the reaction.

Eliminating the solvent from the reaction means that a solid state reaction may produce more
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products than a conventional reaction can. And also elimination of solvents means that

products will cost less and will make those products cheaper to buy.

Preparation of Nd;gxLaxPro,CuO, family was carried out by the following solid state
reaction method. Hygroscopic powders (Nd,Os, PrgO;1, and La,O3) were dried for 30 minutes
at temperatures up to 900 °C. Stoichiometric amounts of Nd,O3 (Alfa-Aeser 99.9%), PrsO11
(Alfa-Aeser 99.9%), CuO (Aldrich 99+ %) and La,O3 (Aldrich 99.99%) were then weighed
and ground in acetone. These mixtures were then dried and calcined in air at 850 °C for 36
hours. Following this, powders were reground using a planetary ball mill and the heat
treatment (850°C for 36 hours) repeated. T~" phases were obtained by calcinations at 950 °C

for 24 hours.

Preparation of composition in the Nd,«PryCuO,4 family was carried out using following solid
state reaction method. Hygroscopic powders were dried for 30 minutes at temperatures up to
900 °C. Stoichiometric amount of Nd,Os; (Alfa-Aeser 99.9%), PrsO1; (Alfa-Aeser 99.9%),
CuO (Aldrich 99+ %) were weighed and ground in Acetone. Then the mixtures were dried
and treated in air up to 850°C for 36 hours. Resulting powders were reground (using a
planetary ball mill) and the heat treatment was repeated (850 °C for 36 hours). Annealing and

quenching experiments were carried out by using standard muffle furnace.
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2.2. X-ray diffraction

X-ray diffraction has been in use as the fingerprint of crystalline materials and the
determination of their structure. X-ray diffraction is one of the most important
characterization tool nowadays used in solid state chemistry and materials science.
Each crystal structure has its distinctive X-ray diffraction pattern. Once the material has been
identified, X-ray diffraction can be used to determine its structure (e.g how the atoms are
packed together in the crystalline state, interatomic distances and angles etc.) Also, the size
and shape of the unit cell of the compound can be determined by this technique. X-ray
diffraction yields the atomic structure of materials which is based on the elastic scattering of
X-rays from the electron clouds of the individual atoms in the compound. Diffraction occurs
when waves interact with a regular structure whose repeat distance is about the same as the
wavelength. X-rays are electromagnetic radiation which has wavelengths on the order of a

few angstroms, which is nearly the same size as an atom.

When certain geometric requirements are achieved, X-rays scattered from a crystalline solid
can constructively interfere, producing a diffracted beam. Relationship among several factors

are combined in Bragg’s Law (120),
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in phase in phase

Figure 2.1: Reflection of x-rays from two planes of atoms in a solid

For constructive interference between these waves, the path difference must be an integral

number of wavelengths.

Therefore, 2" wave is in phase after reflection if only,

AC+CB is an integer multiple of A (e.g. n})

Since,

AC=CB; 2AC=n\

Sin 8 =AC/d; AC=d sin 0

This leads to the Bragg equation,

nA = 2dsinf 2.1
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1) n = an integer (1,2,3)

2) d = d spacing (The distance between similar atomic planes measured in angstroms)

3) 6 = The diffraction angle in degrees

4) A= wavelength of the incident X-radiation in Angstrom

Bragg’s law shows that the sine of the diffraction angle (sin ) is inversely related to the

lattice spacing (d) in a crystalline sample.

Miller indices are a notation system in crystallography for planes and directions in crystal
(Bravais) lattices. They are defined by three integers (h, k and I). Combining these two

approaches gives relationship between the interplanar distance and lattice spacing.

For an example, for the cubic system, relationship is given below.

_ a
d_m 2.2

where,

a=lattice spacing of the cubic crystal

h,k,I = Miller indices of the Bragg plane

X-ray diffraction can be used either to single crystal samples or powder samples. In this
work, X-ray diffraction of powders was used to characterize the materials with different

doping levels to identify the structural transition along the solid solution range.
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2.2.1 Single crystal X-ray diffraction

Single crystal X-ray diffraction is a non-destructive analytical technique and it provides
detailed information about the internal lattice of crystalline substance (e.g. unit cell
dimensions, bond-lengths, bond-angles, and details of site-ordering). This technique is
directly related to single-crystal refinement, where the data generated from the X-ray analysis

is interpreted and refined to obtain the crystal structure.

2.2.2 Powder X-ray diffraction (PXRD)

Powder diffraction has played a major role in structural physics, chemistry and materials
science over the last thirty years. Important advances in structural studies of materials ranging
from high temperature superconductors, complex metal oxides, zeolites, high pressure
research, and temperature dependant research have relied heavily on this technique. The
sample is typically a polycrystalline powered material which is composed of many
crystallites, thus it is possible that more than one crystal can satisfy Braggs’s law. Hence
from a powder, the diffracted beams are cones of electron density reflected from the Miller
planes (hkl), which resemble rings on the screen. These rings can be indexed and integrated
to obtain a powder pattern. PXRD is generally used to identify unknown substances, by
comparing diffraction data against a database (i.e. the International Centre for Diffraction
Data- ICDD). Rietveld refinement can be used to obtain the structural information of

materials.
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Figure 2.2: Image of the Stoe STADI/P powder diffractometer used in the lab with transmission

geometry

Figure 2.3: Image of the Stoe STADI/P powder diffractometer used in the lab with reflection

geometry

Phase purity, identity and homogeneity were confirmed by X-ray powder diffraction  using

following instruments in this work.

Phase purity was examined by X-ray diffraction analysis of powders on a Stoe STADI/P

powder diffractometer (using Phillips transmission mode and George reflection mode
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diffractometers). Incident radiation was generated using a CuKalsource (CuKal =1.54056

A°).

In-situ X-ray diffraction analysis of powders were collected at room temperature on a Bruker
Axs D8 advance diffractometer equipped with a Lynxeye detector in the 10-90° range

(CuKo=1.54 A).

The high temperature diffraction data were collected in the 10-90° range, on a Bruker Axs
D8 advance diffractometer equipped with a high temperature Anton Paar HTK 1200N

chamber and a one dimensional X-ray detector VANTEC-1 (CuKa=1.54 A).

2.2.3 Rietveld refinement

Rietveld refinement was developed by Hugo Rietveld (121,122) for the characterisation of
crystalline materials. X-ray and neutron diffraction of powder samples results in a pattern
characterised by reflections (peaks in intensity) at certain positions. Also the height, width
and positions of these reflections are useful to determine many aspects of the crystal
structure. The Rietveld method uses a least squares approach to refine a theoretical line

profile until it matches the measured profile.

Solving a structure from powder diffraction data normally requires a long procedure. But
nowadays several crystallographic software suites are available which makes data handling

much easier.

In this research, ‘FullProf” (123) was used to refine cell parameters at room temperature and
also temperature dependant X-ray diffraction data. ‘GSAS’ (124) was used to refine cell

parameters of room temperature neutron diffraction data.
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2.2.4 FullProf software (123)

FullProf is a software program which is capable of Rietveld analysis (structure profile
refinement) of neutron or X-ray powder diffraction data collected as a function of the
scattering variable 26. Moreover, it also can be used as a Profile Matching tool, without the
knowledge of the structure. Single crystal refinements can also be performed alone or in

combination with powder data.

2.2.5 General Structure Analysis System (124)

GSAS is a software package for the refinement of structural models to both x-ray and neutron
diffraction data. Similar to the FullProf it can be used with both single-crystal and powder
diffraction data (Rietveld analysis), or even both simultaneously. Neutron data can be either

from single-wavelength instruments or time-of-flight instrumentation.

2.3 Electron diffraction

Electron diffraction (ED) is a technique used to study matter by firing electrons at a sample
and observing the resulting interference pattern. This technique is similar X-ray and neutron
diffraction. Electrons can also be regarded as a wave. Electrons have the wavelengths orders
of magnitude smaller than the interplanar spacing in most crystals (e.g for 100 keV electrons
A< 3.7 x 10™ m. Typical lattice parameters for crystals are around 0.3 nm). This technique is

frequently used in solid states physics and chemistry.

Low energy electron diffraction which is known as LEED is a surface science technique

which is used to determine the surface structures of crystalline materials by bombarding with
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low energy electrons (~ 10-200 eV) and then obtained diffracted electrons as spots on a

phosphorescent screen.

ED experiments are usually performed in a transmission electron microscope (TEM), or a
scanning electron microscope (SEM) as electron backscatter diffraction. Electrons are
accelerated by an electrostatic potential in order to attain the desired energy and determine

their wavelength before they interact with the sample.

Electron diffraction is a collective scattering phenomenon with electrons being scattered by
atoms in a regular array. As in X-ray diffraction the scattering event can be described as a
reflection of the beams at planes of atoms. According to Bragg’s law, wavelength A of the
electrons is known, therefore interplanar distances can be calculated from ED patterns..
Therefore similar to X-ray and neutron diffractions, electron diffraction is also a valuable tool
in crystallography. Also, high resolution electron microscopy (HREM) and electron

diffraction can be used to study the cation ordering and defects in crystals.

2.4 Selected area electron diffraction

Selected area electron diffraction (SAED, is a crystallographic experimental technique that
can be performed inside a transmission electron microscope which can be analyzed to give
information about the structure of the specimen. SAED is referred to as ‘selected area’
because it allows selecting and recording the diffraction pattern from the specific area of the
specimen by user. In TEM a thin crystalline specimen is subjected to a parallel beam of high-
energy electrons. The atoms act as a diffraction grating to the electrons which are diffracted.
Therefore some fraction of them will be scattered to particular angles which determined by
the crystal structure of the sample, while others keep on passing through the sample without

deflection. Hence the image on the screen of the TEM will be a progression of spots and each

51



spot corresponding to a diffraction condition of the sample's crystal structure. SAED patterns
are a projection of the reciprocal lattice and these SAED patterns can be used to identify

crystal structures and also it can be used to measure lattice parameters.

2.5 Scanning electron microscopy

Scanning electron microscope is a type of electron microscope which focuses a beam of high
energy electrons to scan the surface of a specimen. Electrons interact with the atoms that
make up the sample producing signals which allows an image to be created by analysis of the
secondary electrons and back-scattered electrons. SEM provides a variety of information
about the sample (e.g surface topography, composition, and other properties such as electrical
conductivity). SEM also has many advantages over the traditional light microscope such as
SEM shows higher magnification, higher resolution and large depth of field yielding a
characteristic three dimensional appearance useful for understanding the surface structure of

a specimen.

2.6 Energy dispersive X-ray spectroscopy

The interaction of an electron beam with a sample produces variety of emissions including X-
rays. These characteristic X-rays are used to identify the composition and measure the
abundance of elements in the sample. A specific technique is known as Energy dispersive X-
ray spectroscopy (EDX) which is used for the elemental analysis and chemical
characterization of a sample. Its characterization abilities are due in large part to the basic
principle that each element has a unique atomic structure allowing X-rays that are
characteristic of an element's atomic structure to be identified. The elemental ratios can be
determined from the EDX spectra and therefore this data can be used to examine the doping

level, compositional percentage of a given sample area.
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In this work selected area electron diffraction patterns for the T ™~ phase were collected in

different orientations on a Jeol JEM-2011 electron microscope operated at 200 kV (figure

2.4),

Scanning electron microscopy Joel JSM-5600 was used to identify the morphology the

sample (figure 2.5). EDX was used to identify some compositions of the sample.

Figure 2.4: Image of Jeol JEM-2011 electron microscope used in the lab
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Figure 2.5: Image of Jeol JSM-5600 scanning electron microscopy used in the lab

2.7 Neutron diffraction

Neutron diffraction is a technique where neutrons are used to determine the atomic or
magnetic structure of a material. It is similar to X-ray diffraction but due to the different
scattering properties of neutrons compared to X-rays, complementary information can be

obtained.

A neutron beam is used to perform a diffraction experiment on a crystalline sample and it will
scatter at a limited number of well-defined angles according to Bragg’s law. These diffraction
investigations are possible because thermal neutrons have energies with equivalent
wavelengths near 0.1 nm and are therefore ideally suited for inter atomic interference studies
in crystal structures. Neutron diffraction has the ability to show strong well defined
diffraction peaks with low d-spacing at low temperatures. Neutrons are uncharged, therefore
it can penetrate deeply, thus it is easy to study the bulk and can be used in furnace, cryostat,

and pressure cells. There are certain types of chemical structures which can be investigated
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more readily by neutron diffraction than by X-ray diffraction. The most important application
of neutron diffraction in crystallography is the structure determination of crystals which
contain both heavy and light atoms (e.g hydrogen). The interaction of the magnetic moment
of the neutron with the orbital and spin moments in magnetic atoms makes neutron scattering
a unique tool for the study of a wide variety of magnetic phenomena. As a result, detailed
information can be obtained on both the magnitude and orientation of magnetic moments in

substances, which displays magnetic properties.

High resolution and high intensity time-of-flight neutron powder diffraction (NPD) data were
collected for T *" phase using GEM diffractometer at the ISIS spallation source at Rutherford
Appleton Laboratory, UK. The sample (ca. 5 g) was loaded into a thin-walled, cylindrical

vanadium can and placed in the sample chamber in ambient condition.

2.8 Thermal analysis.

Thermal analysis is a technique where the physical properties of materials can be studied as
they change with temperature. Several methods were used in this work but they are

distinguished from one another by the property which is measured.

« Differential thermal analysis (DTA): temperature difference
« Differential scanning calorimetry (DSC): heat difference

e Thermogravimetric analysis (TGA): mass

Simultaneous thermal analysis (STA) normally refers to the simultaneous application of
thermogravimetry and differential scanning calorimetry to one and the same sample in a
single instrument. The test conditions are entirely the same for the TGA and DSC signals (e.g

same atmosphere, gas flow rate, vapour pressure of the sample, heating rate, etc). The
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essence of all these techniques is that the sample's response is recorded as a function of

temperature and time.

Temperature can be controlled in a predetermined way, either by continuous increase or
decrease in temperature at a constant rate or by carrying out a series of determinations at
different temperatures with isothermal measurements. In addition to that it can control its
environment with different atmospheres, e.g. measurements can be carried out in air or under
an inert gas (e.g. nitrogen or helium). Moreover, measurements can be carried out under
reducing or oxidizing atmospheres. This technique can be used to study phase transitions of

the materials.

2.8.1 Differential Thermal Analysis

DTA is a thermal analysis techniques used to determine the thermal properties and phase
changes of a material. It involves heating or cooling a test sample against an inert reference
under the same conditions while recording any temperature difference between the sample
and reference. Thermal conductivities and the heat capacities of the test and reference
samples are not the same. This differential temperature is then plotted against time or against
temperature. Changes in the sample which lead to the absorption or evolution of heat can be
obtained relative to the reference sample. The baseline of the DTA curve should display
discontinuities at the transition temperatures and the slope of the curve at any point will

depend on the microstructure formation at that particular temperature.
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2.8.2 Differential scanning calorimetry

Differential scanning calorimetry is a thermoanalytical technique in which the difference in
the amount of heat required to increase the temperature of a sample and reference is
measured as a function of temperature. Both the sample and the reference are maintained at
equal temperature throughout the experiment. Temperature program for a DSC analysis is
designed that the sample holder temperature increases linearly as a function of time. The
reference sample should have a well defined heat capacity over the range of temperatures to

be scanned.

The principal of this technique is that when a sample undergoes a physical transformation
(e.g. phase transitions) more or less heat will need to flow to it than the reference to maintain
both at the same temperature. Whether less or more heat must flow to the sample depends on
whether it is an exothermic or endothermic process. When the sample undergoes exothermic
processes such as crystallization less heat is required to raise the sample temperature. By
observing the difference in heat flow between the sample and reference, DSC can measure
the amount of heat absorbed or released by the sample during such transitions. Also it is used

to observe more subtle phase changes (e.g. glass transitions).

2.8.3 Thermogravimetric analysis

Similar to the DTA and DSC, TGA also is a thermo analytical technique. TGA performs on
samples that determine changes in weight with temperature. It involves heating a sample in
an inert or different atmosphere and then measuring the change in weight. The weight change
over particular temperature ranges offers indication of the thermal stability and the

composition of the sample. It also provides information on estimation of moisture and
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volatiles, oxidative stability, assessment of composition, and decomposition kinetics. TGA
uses heat to force reactions and physical changes in materials and also it provides quantitative

measurement of mass change in materials associated with transition and thermal degradation.

Simultaneous TGA-DTA/DSC measures both heat flow and weight changes (TGA) in a
material as a function of temperature or time in a controlled atmosphere. Simultaneous
measurement of these two material properties simplifies the interpretation of the results.
Characteristic thermogravimetric curves are given for specific materials and chemical
compounds due to unique sequence from physicochemical reactions occurring over specific
temperature ranges and heating rates. These unique characteristics are related to the

molecular structure of the sample.

In this work thermogravetric analysis was carried out on NETZSCH TG 209 instrument to
evaluate the oxygen content (weight loss) at different temperatures and to compare with
neutron diffraction results. The initial weight of the sample was about 20 mg. The effect of
buoyancy was corrected using pre-empty crucible runs under corresponding gas atmosphere
and flow rates. The samples were heated up to 900 °C in the TG furnace at a heating rate of

5°C minYtin air.
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Figure 2.6: Image of the NETZSCH TG 209 instrument used for thermogravimetric analysis

In order to understand any phase transition behaviour, simultaneous TGA/DSC was carried
out using identical test conditions. Sample's response is recorded as a function of

temperature.

2.9. Magnetization measurements

Magnetic fields are created mainly by the movement of charges and the intrinsic moment of
elementary particles related with a basic quantum property, their spin. Some atoms show zero
net magnetic moment due to pairing up of all the electrons; this pairing effectively cancel the
moment. Materials which show no net magnetic moment are called diamagnetic materials.
Most materials have one or more unpaired electrons which exhibit some magnetism. The
magnitude of magnetic moment is the magnetic flux density (B) of a material which is given
by eq 2.4.
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B = uH 2.4

Where,

B=Magnetic flux density (T)

H= Field Strength (Am™)

1= Absolute permeability of the medium (Hm™)

The magnetic susceptibility of a material is the degree of magnetization shown by a material
when an external magnetic field is applied. The magnetic suscepitibity can be obtained by the

equation given below

M =yH 2.5

Where,

M= Intensity of magnetization induced by H (Am™)

¥= Magnetic susceptibility

Experimentally, the magnetic susceptibility is measured as a function of temperature. The
data obtained is then corrected for diamagnetic interactions using Pascal constants. The data
can then be used to describe the magnetic interactions occurring inside the material.
Therefore materials can be categorized by their response to externally applied magnetic fields
as diamagnetic, paramagnetic and ferromagnetic while these magnetic responses vary
significantly in strength. Diamagnetism is a property of all materials and opposes applied
magnetic fields, but is very weak. Paramagnetism is stronger than diamagnetism and

produces magnetization in the direction of the applied field, and it is proportional to the
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applied field. Paramagnetic materials are those with unpaired electron spins, where each atom
acts independently, resulting a relatively weak magnetic properties. Ferromagnetic effects are
very large and produce magnetizations sometimes in orders of magnitude larger than the
applied field. Therefore ferromagnetic effects are much larger than either diamagnetic or
paramagnetic effects. Ferromagnetic materials also have unpaired electron spins, but the
magnetic moment of each atom is coupled to the others such that the electrons become
parallel. A spontaneous magnetization can be seen in these materials even in the absence of
an external field. Antiferromagnetic materials have unpaired electrons which are held in such
an alignment that results in an equal number of spins in each direction, therefore there is no
net magnetization. In ferrimagnetic materials the arrangement of spins are similar to
antiferromagnetic materials but the sub lattices have unequal magnetic moment, this results in

high magnetic susceptibility in these materials.

The magnetic measurements were carried out on MPMS superconducting quantum
interference device (SQUID) magnetometer. Data were collected in a field 500 Oe in the
temperature range from 200 K to 5 K. The data was recorded using zero field cooling (ZFC)
as well as field cooled (FC). A SQUID magnetometer measures the magnetic moment of a
material from which the magnetization and magnetic susceptibility can be determined. It is
highly sensitive to the magnetic changes occurring in the sample as a function of temperature
when an external magnetic field is applied. SQUID is a very sensitive magnetometer used to
measure weak magnetic fields (e.g sensitive enough to measure low field as low as 5 x 10
T) based on quantum effects in a superconducting loop. It is useful for many purposes in

physics, chemistry, biology and medicine.
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2.10 Electrical measurement

Electrical conductivities were measured using two point and four point techniques.

2.10.1 Conductivity

Electrical conductivity measures a material's ability to conduct an electric current. It is

commonly represented by the Greek letter ¢ and its Sl unit is Siemens per metre (Sm™?).

2.6

el

Figure 2.7: A piece of resistive material with electrical contacts on both ends

Electrical resistivity (p) is defined by,

2.7

_E
P =]

Where

p = Static resistivity ( 2.m)
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E = Magnitude of the electric field (Vm™)

J = Magnitude of the current density (Am?2)

Many resistors and conductors have a uniform cross section with a uniform flow of electric

current and are made of one material.

In this case
R = L 2.8
= pA .

Where

R = Electrical resistance of a uniform specimen of the material ()
I= Length of the piece of material (m)

A = Cross-sectional area of the specimen (m?2).

The resistance of a given sample will increase with the length while it will decrease with

greater cross-sectional area.

2.10.2. Two point measurement (lead compensated 2 point measurement)

In typical resistivity measurements 4 electrical leads (4 leads, two contacts) are attached to a
cylindrical sample along a straight line. A current is fed between the two contacts while the
voltage is measured across contacts. Current flow should be uniform and parallel between
two contacts. The resistivity of the sample can be derived from the voltage drop across

contacts, the applied current, and the geometry of the sample. Similar to this, simple

63



measurement of the electrical resistance of a test sample was measured by attaching four
wires to the pellet (figure 2.8), electrical current was passed through the sample using two
probes with the remaining two probes measuring voltage between these electrode, so
compensating for lead resistance but not compensating for contact potential drop at interface.
The voltage drop was measured by a digital voltmeter. Conductivities in air up to 900 C
were obtained.

Usually the resistance of the point of contact (called contact resistance) is much smaller than
the resistance of sample, and can thus be ignored. Though, when one is measuring a very
small sample resistance, especially under variable temperature conditions, the contact
resistance can dominate and entirely obscure changes in the resistance of the sample itself.
Effect of the contact resistance can be eliminated using four point DC technique, where the V

across contacts is separated.

—@—

Figure 2.8: A schematic diagram for 2 point DC conductivity test kit
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2.10.3 Four point measurement

The four point electrical probe is a very useful technique used widely for the investigation of
electrical phenomena. The effects of contact resistance can be eliminated using of a four
point probe DC technique (figure 2.9). If the sample has any resistance to the flow of
electrical current, then there will be a drop of potential as the current flows along the sample,
for example between the two probes labelled 2 and 3 in the figure 2.9. The voltage drop
between probes 2 and 3 can be measured by using a digital voltmeter. The resistance of the
sample between probes 2 and 3 can be obtained by the ratio of the voltage recording on the
digital voltmeter to the value of the output current of the power supply. High impedance of
the digital voltmeter minimizes the current flow through the portion of the circuit comprising
the voltmeter. Therefore there is no potential drop across the contact resistance associated
with probes 2 and 3. Only the resistance associated with the sample between probes 2 and 3 is
measured. Therefore the four probe is a widely used technique for conductivity

measurements.
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1 y) 3 4

Figure 2.9: A schematic diagram for a 4 point DC conductivity test kit

Conductivities of the sample were obtained by 4 point DC technique. Final powders were
uniaxially pressed into pellets using a pressure of 120 Mpa. The resulting 13 mm pellets were
fired in air for 10 hours at 950 'C. Conductivity was measured using four point DC
technique. Measurements were taken in air up to 900 'C. Effects of oxygen partial pressure
were studied by introducing nitrogen or dry argon into the system. Measurement of the
conductivity against oxygen partial pressure (measured via a YSZ sensor) were made at
1173K. For these measurements, the conductivity was initially taken in moving from
oxidising to reducing conditions where nitrogen /dry argon was allowed to pass into the

system. Then the pellet was cooled under reducing atmosphere.
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Figure 2.10: The image of four point measurement test set up

2.10.4 Van der Pauw measurement

Determination of accurate geometry of the sample is difficult. Therefore one often used
technique to determine the resistivity of the sample is Van der Pauw measurements
(125,126). Due to its convenience, it is widely used in research and industry to determine the
resistivity of uniform samples. A common geometry for such a measurement has 4 electrical
contacts at the four corners (figure 2.10). However, the VVan der Pauw technique is applicable
for an arbitrary shaped sample, but in order to use this method accurately, the sample
thickness must be much less than the width and length of the sample and it is preferable that
the sample is symmetrical, thickness of the sample is known and is uniform, the contact areas
are indefinitely small, and the contacts are all on the edge of the sample. In addition, there
should not be any isolated pores or non conducting islands or inclusions within the sample.
Leads from the contacts should be constructed from the same batch of wire and all four

contacts should be of the same material (to minimise thermoelectric effects).
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Several properties of a material can be obtained from the Van der Pauw measurements such
as resistivity of the material, doping type (p-type or n-type) and sheet carrier density of the

majority carrier (the number of majority carriers per unit area).

Figure 2.11: A schematic of a Van der Pauw configuration

« Contacts are numbered from 1 to 4 in a counter-clockwise direction

e The current I, is a positive DC current injected into contact 1 and taken out of contact
2 (measured in amperes).

e The voltage V3, is a DC voltage measured between contacts 3 and 4 with no
externally applied magnetic field (measured in volts).

The sheet resistance Rs (measured in ohms).

To make a measurement, a current is caused to flow along one edge of the sample (for

instance, 1;,) and the voltage across the opposite edge (in this case, Va4) is measured. From

these two values, a resistance (for this example, R12 34) can be found using Ohm's law:
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R12,34 = 232 29
112

Van der Pauw discovered that the sheet resistance of samples with arbitrary shape can be

determined from two of these resistances, one measured along a vertical edge (such as R12 34)

and a corresponding one measured along a horizontal edge (such as R23 41). The actual sheet

resistance is related to these resistances by the VVan der Pauw formula.

—mR12,34/Rs + e—nR23,41/Rs =1

e 2.10

Consequently, it is possible to obtain more precise values for the resistances Ri34 and

R23 41 by making two additional measurements of their reciprocal values R3412 and Ry 23

and averaging the results.
Then, the Van der Pauw formula becomes
e —mRvertical/Rs + e—nRhorizontal/Rs =1
2.11

Accuracy of the resistance values can be obtained by repeating the resistance measurements
after switching polarities of both the current source and the voltage meter. Since this is still
measuring the same portion of the sample, just in the opposite direction, the values of Ryertical
and Rrorizonta Can still be calculated as the averages of the standard and reversed polarity

measurements.

Electrical properties were measured using small circular pellets. Powders were uniaxially

pressed using a pressure of 120 MPa. The pellets had a diameter of 13 mm with a thickness
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of 1-2 mm and were fired in air for 10 hours at 850 °C. In-situ conductivity was measured
using a four point DC technique from 900 °C to room temperature in air using Van der Pauw

technique for T phase.

Figure 2.12: The image of Van der Pauw measurement test set up

2.11 Impedance measurement

Impedance (Z) describes a measure of opposition to current flow. Similar to resistance
impedance, it is measured in ohms, but it accounts for the effects of capacitance and
inductance. Effects of capacitance and inductance vary with the frequency of the current
passing through the circuit, hence impedance is more complex than resistance. Therefore
impedance varies with frequency. Electrical impedance extends the concept of resistance to
AC circuits, describing not only the relative amplitudes of the voltage and current, but also
the relative phases. When the circuit is driven with direct current (DC), there is no distinction
between impedance and resistance and the latter can be thought of as impedance with zero

phase angles. The effect of resistance is constant regardless of frequency.
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When Ohm's Law applies directly to resistors in DC or in AC circuits, the form of the

current-voltage relationship in AC circuits in general is modified to the form impedance (Z).

14

[ =— 2.12
y/

Ohms law,
14

[ =— 2.13
R

For a pure resistor Z=R, preserving the form of the DC ohm’s law.

Combining impedances has similarities to the combining of resistors, but the phase
relationships make it practically necessary to use the complex impedance method for carrying

out the operations.

The technique involves applying an AC voltage (V) of varying frequency across the sample.

V=V, sinmt 2.14

By conversion, the current (I) leads the votage by ®=90°,s0

I=1, sin(wt+d) 2.15

Impedance is a vector quantity and can be defined using complex numbers,
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Zz = 7Z - jZ 2.16

complex real imaginary

The magnitude and direction of the complex impedance Z* can be expressed as real (Z*) and
imaginary (Z") components. The complex impedance can be plotted by Cartesian (Z~ vs Z")

or polar coordinates ( |Z| vs ®).

Thus ,
Z = |Z|cos & 2.17
Z"= |Z|sin® 2.18

By measuring amplitude and the phase shift (®) of the current for any frequency (®), with a
fixed applied voltage (V) the impedance is calculated by using equation 2.12 and Z" and Z"~

can be determined by 2.17 and 2.18.

2.11.1 Impedance spectroscopy (IS)

Impedance spectroscopy is a well-defined technique used to investigate and characterise the
electrical properties and microstructure of a variety of ceramic material (127). AC impedance
spectroscopy was first used by Bauerle (128) to examine the resisitivities/conductvities of the
different regions (bulk and grain boundary) of solid electrolytes, and effects due to
electrodes. AC impedance methods permit easy identification of bulk, grain boundary and
electrode effects. Ac impedance spectroscopy has the advantage that individual components

can be separated e.g. bulk, grain boundary, sample /electrode interface, allowing detailed
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characteristics which helps to yield useful information about the physicochemical properties
of the system (127). Using AC impedance spectroscopy, it is possible to analyse materials in
which ionic conduction strongly predominates (e.g solid and liquid electrolytes, ionically
conducting glasses and polymers). Also it has been used to study fuel cells, rechargeable
batteries and corrosion and as well as to study dielectric materials with simultaneous ionic
and electronic conductivity. Impedance spectroscopy is a versatile technique used nowadays
to study the different fuel cell components (anode, cathode and electrolyte) under different
atmospheres in order to optimize their electrical performance. Impedance spectroscopy
measurements are simple in principle; analysis is generally carried out in the frequency
domain, although measurements are sometimes made in the time domain. IS measurements
on solids usually involves two identical plane, parallel electrodes. For this work, a frequency
response analyser produced by Solartron was used which provide three or four terminal
measurements. It is highly digitized, easy to handle and incorporates automatic frequency
sweeps and automatic control of the magnitude of the applied ac signal and carries out the
measurement automatically with high accuracy. A Solartron frequency response analyser
covers very low frequencies to high frequencies (mHz to MHz levels). It determines
impedance by correlating at each frequency, the response with two synchronous signals, one
in phase with the applied signal and the other phase shifted by 90 degrees. This process yields
the in phase and out of phase components of the response and leads to the various immitance

components.

According to the application, it is necessary to analyse the data (e.g. when mobile charges
are present, five major physical process may influence the data. There are bulk resistive —
capacitive effects, electrode reaction, adsorption at the electrodes, bulk generation-
recombination effects and diffusion). IS is a very useful technique for characterization of the

electrical properties of material electrode systems. Its use for this purpose requires that
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connections be known between model and / or equivalent circuit parameters and the basic
characterization parameters. Depending on the situation, many different equivalent circuits
can be used for IS fitting and no one circuit structure is appropriate for all situations. This can
be easily done by using Zview software. ZplotR performs electrochemical impedance
spectroscopy measurements which includes powerful ZView software for modelling and

analysis (see section 2.8.2).

Cathode testing was carried out for symmetrical cells using impedance spectroscopy.
Electrolyte gadolinia doped ceria (CGO) and yttria stabilised zirconia (YSZ) pellets were
prepared. 10 mol% gadolinia doped ceria (CGO) and 8 mol% yttria stabilised zirconia
(8YSZ) were used as the electrolyte phase in the symmetrical cell testing. Then YSZ and
CGO pellets were made and fired for 4 hours at 1400 °C. The required amounts of Ndj gsPr
015CuO,4 powder, KD-I dispersant and acetone were weighted out and transferred to a milling
bottle with an appropriate loading of milling balls. It was ball milled overnight using 160
rpm. Post milling, the contents of the bottle were discharged to a beaker and stirred via a
magnetic stirrer while adding the cathode vehicle. The vehicle is a mixture of terpineol, and
poly vinyl butyral. The contents of the beaker was stirred continuously in a fume cupboard
while the acetone is allowed to evaporate until fully evaporated when the resulting ink was
formed. Small amounts of slurry were applied to pellets of 8 mol% yttria stabilised zirconia
(8YSZ) and 10mol% gadolinia doped ceria (CGO) by screen painting. The slurry was applied
to both sides of the pellets. These layers were then fired in air for one hour at 1000 °C to
create 1cm? porous electrodes in a symmetrical half cell arrangement. Before testing a Pt
paint grid was hand painted on to the surface of the electrodes to facilitate current collection
and ensure even current distribution at the triple phase boundary region. Then it was fired at
900 °C for 30 minutes. The specimen was held in an alumina holder with spring loaded Pt

contacts within a tube furnace, with a thermocouple located close to the specimen to record
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specimen temperatures. Experiments were carried out in air of the furnace. Impedance spectra
were measured using a Solartron 1260 frequency response analyser with no DC polarisation
using a frequency range of 1Mz to 0.01Hz and applied voltage amplitude of 50mV. Data
were collected over a temperature range of 900 °C to 50 °C at 50 °C intervals and analysed
using Scribner Associates Z-view software. Different models were tested using different
layers arrangements e.g sub layer, 100% Pr-doped Nd,CuO, (NPCO), 50% composite

(chapter 3).

2.11.2 Equivalent circuit

Many components of the ceramic material can be obtained by AC impedance spectroscopy
e.g bulk, grain boundary. Each component can be considered as consisting of a combination
of resistive and capacitive elements. This combination of resistive and capacitive elements

called equivalent circuit and depending on the properties of a material different combination

will apply.

The resistance and capacitance of an unknown component can be determined by obtaining

the real and imaginary impedance over a wide range of frequencies.

The resistance equals the real impedance when the frequency equals zero (at the intercept on

the x axis.

The capacitance is called from the equation.

®RC=1 using frequency (o) when Z"’ is a maximum.

A real ceramic pellet can consist of many such parallel RC elements connected in series.
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Computer software is now available to incorporate with these equivalent circuits with

different models.

2.11.3 Capacitance values

Capacitance values can be calculated for any RC element and give an indication of what
component of the material is being measured (Table 2.1). Similarly the magnitude of the
capacitance of a bulk or grain boundary component can give an indication as to the degree of

sintering of the ceramic.

Table 2.1 Capacitance values and their possible interpretations (127)

Capacitance (F) Phenomenon responsible
107 Bulk

10 Second phase

10 -107 Grain boundary

107-107 Sample —electrode interface
10™ Electrochemical reaction
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2.11.4 Activation energy

The activation energy of conduction for any component could be obtained by measuring the

change with temperature.

The slope of the Arrhenius plot (logoT vs 1/T) allowed the activation energy to be calculated.

EA=(2.303 x slope x1.38 x10%%)/1.6 x 10™ (eV) 2.19
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Chapter 3- Praseodymium doped Neodymium Cuprates as a cathode

material

3.0 Introduction

The objective of this chapter is to build upon these initial studies and investigate the
structural characteristics and electrochemical properties of the Pr-doped Nd,CuO4 (NPCO)
system and optimise its properties for SOFC cathode side applications. This chapter is
divided in to two main categories. The first part of the chapter discusses the characterisation
of praseodymium doped neodymium copper oxide. The Pr-doped Nd,CuQ, system has been
explored with respect to Pr content, temperature and oxygen partial pressure and it includes
X-ray analysis data, microstructure of the pellets, two point measurement and finally four
point measurement data. The second part of the chapter discusses the AC impedance
measurements of electrochemical characteristics, where the use of Nd,.«PrCuQ, as part of a
cathode system (using pure NPCO and composite NPCO) was explored. Two types of

current collectors were studied (Pt and NPCO).

Most of the AC impedance studies carried out on the cathode performance used idealized
current collection with Pt. This however presents two issues, firstly that the utilization of Pt
in the system is unrepresentative of a realistic cathode assembly as Pt would not be used in a
commercial system. Secondly there are always some questions over the influence of the Pt on
the measured performance of the system. With both of these aspects in mind it was decided to
investigate the NPCO system which would approach something that would be suitable for
integration into real world devices. In this work, therefore, we have explored Pt as well as

NPCO for the current collection for symmetrical cell testing. In order to investigate the
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performance of system is influenced by electrolyte material, both gadolinia doped ceria

(CGO) and yttria stabilised zirconia were used as an electrolyte materials.

Measurements were taken using pure cathode material, as well as 50 % weight composite
material with Pt current collector to discover any impact with composite material. Previous
work in our lab (82) suggested that these type of materials (Ce doped Nd,CuQ,) undergo
significant microstructural development at typical stack conditioning temperatures (around
900 °C) and that it is also worth combining the current collection with that of an in-situ fired
contact. Two fabrication routes for the current collector were investigated in this work; pre-
firing and in situ-firing. Candidate structures were assessed in a symmetrical half cell
arrangement using AC impedance. Mainly two types (Type 1 and Type 2) of testing
arrangements were considered and schematic diagrams for these types are shown below

(Figure 3.1 and Figure 3.2).

Type 1 — Pt as current collector

100%NPCO
Pt
NPCO

CGO 50%NPCO +50% CGO

Figure 3.1: Schematic diagram of a symmetrical cell testing pellet used for Pt as current collector
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Measurements were taken using 100% weight NPCO cathode material and 50 % weight
composite material (NPCO: CGO) with Pt current collector . CGO was used as an electrolyte

material for these systems.

Type 2 — NPCO as current collector

/ Pre-fired Cuprate Current Collection

Current collector (100% NPCO)Z—— In-situ Cuprate Current Collection
(_s Composite electrode (50% NPCO+50% CGO)
Interlayer (CGO)
Electrolyte (YSZ)

Figure 3.2:. Schematic diagram of a symmetrical cell testing pellet used for NPCO as current

collector

For NPCO current collection, yttria stabilised zirconia (YSZ) was used as an electrolyte
material while composite NPCO (50% weight NPCO: 50% CGO) was used as a cathode
material. In order to prevent the reaction between YSZ and NPCO the CGO interlayer was
painted. Furthermore, the porosity of this CGO sub layer also likely to lead to enhanced
interfacial regions. Again two configurations were tested with different current collecting
layers (an in-situ cuprate current collection and a pre fired cuprate current collection). From
all of these studies, it was hoped to determine any possible applications for the NPCO system

in SOFC applications.
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3.1 Methods used

Experimental work can be divided in to two sub categories such as given below.

3.1.1. Characterisation of praseodymium-doped neodymium copper oxide.

3.1.2 Cathode testing using NdyxPryCuQy,

3.1.1 Characterisation of praseodymium-doped neodymium copper oxide

Initial characterisation of praseodymium-doped neodymium copper oxide with respect to Pr
content, temperature and oxygen partial pressure was performed to determine stability
windows for possible high temperature SOFC applications. Electrical conductivity was
determined with respect to both composition and temperature in order to determine which
composition has the maximum conductivity and whether this remains so at different
temperatures. Nd,xPrCuO, (NPCO) materials have been produced as single phase
composition over the range 0<x<0.25, where x=0.15, 0.20 and 0.25 (NPCO15, NPC0O20 and
NPCO25 and) by a solid-state reaction.

The experimental procedure is given below.

Hygroscopic powders were dried for 30 minutes at temperatures up to 900 C. Stoichiometric
amounts of Nd,O3 (Alfa-Aeser 99.9%), PrsO1; (Alfa-Aeser 99.9%), CuO (Aldrich 99+ %)
were weighed and ground in acetone. The mixtures were then dried and treated in air up to
850 °C for 36 hours. The resulting powders were reground (using a planetary ball mill) and
the heat treatment was repeated (850 °C for 36 hours). Compositions of NPCO were
synthesised where x=0.15, 0.20 and 0.25 respectively. Finally the powders were analysed by

XRD to identify if the final phase was present.

81



The powders were uniaxially pressed into pellets using 2 tons of pressure. The resulting 13
mm pellets were fired in air for 10 hours at 950 "C. Porous pellets were obtained with the
theoretical density 74%. Conductivities of the pellets were tested using AC and DC

techniques using two point measurements and four point measurements.

Two point measurement (4-probe) of the electrical resistance of test samples (NPCO15 and
NPCO 25) were measured using AC and DC techniques by attaching four wires to the pellet
and then current was passed through the sample using two probes. According to the
resistance to the flow of electrical current, then there would be a drop of potential as the
current flows along the sample. The voltage drop between those two probes was measured by

digital voltmeter.

Conductivities for the pellets (NPCO15, NPCO20 and NPCO25) were also measured using
four point DC technique. Measurements were taken in air up to 900 'C. The effect of oxygen
partial pressure was studied by introducing one of two gases into the system. Dry argon was
used for moderately reduced oxygen partial pressures (down to 10™) and humidified 5% H; in
argon was used for lower partial pressures (down to 10°) which are more representative of
SOFC anode conditions. Measurements of the conductivity against oxygen partial pressure
(measured via a YSZ sensor) were made at 900 "C. For these measurements, the conductivity
was initially taken in moving from oxidising to reducing conditions where hydrogen/dry
argon was allowed to pass into the system. In this case, the change in p (O) proceeds quite
rapidly. The sample was then held under H,/Argon atmospheres for at least 18% hours in
order to reach equilibration (the system under test) prior to any measurement being taken in
the reverse direction (from reducing to oxidizing). The H,/Argon flow was then turned off,

and oxygen was allowed to leak back to the rig by natural leakage. Oxygen partial pressure
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was monitored throughout the experiment via a YSZ sensor. The microstructure of the pellet

was obtained using a scanning electron microscope.

3.1.2 Cathode testing

Two types of symmetrical cells were prepared and AC impedance was measured.

3.1.2.1 Pt as a current collector

Two types of cathodes were studied, pure (100%) NPCO15 and composites of cuprate and
CGO 50:50 (wt%). Powders of NPCO were processed by various milling techniques to form

inks which were applied to CGO pellets .These were then characterised by AC impedance.

Experimental procedure is given below.

Samples of NPCO20 were synthesised by solid state methods. Oxide powders, Nd,O3 (Alfa-
Aeser 99.9%), PrsO11 (Alfa-Aeser 99.9%), CuO (Aldrich 99+ %) were weighed out in the
appropriate stoichiometric ratios and were ground in acetone. The mixture was then dried and
heat treated in air at 850°C for 36 hours. The resulting powder was then reground and the
heat treatment repeated. The final powders were analysed by XRD in a Phillips

diffractometer to identify the phases present.

Apart from that, the electrolyte CGO was prepared. 10 mol % of CGO (CGO10) was used as
the electrolyte phase as well as the composite composition. CGO pellets were made and fired

for 4 hours at 1400 °C.
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The required amount of NPCO15 powder, KD-I1 dispersant and acetone were weighed out and
transferred to a milling bottle with an appropriate loading of milling balls (for composite
composition, required amount of NPCO15, CGO10, KD-I dispersant and acetone were
used).It was ball milled overnight using 160 rpm. Post milling, the contents of the bottle was
discharged to a beaker and stirred via a magnetic stirrer while adding the cathode vehicle.
The vehicle is a mixture of terpineol, and poly vinyl butyral. The contents of the beaker were
stirred continuously in a fume cupboard while the acetone was allowed to evaporate until

fully evaporated and the resulting ink was formed.

A small amount of slurry was applied to pellets of 10 mol % of gadolinia doped ceria by
screen painting. The slurry was applied to both sides of the pellet. These layers were then
fired in air for one hour at 1000 °C to create 1cm? porous electrodes in a symmetrical half

cell arrangement.

Before testing, a Pt grid was hand painted on to the surface of the electrodes to facilitate
current collection and ensure even current distribution at the triple phase boundary region.
Then it was fired at 900 °C for 30 minutes. The specimen was held in an alumina holder with
spring loaded Pt contacts within a tube furnace and with a thermocouple located close to the
specimen to record specimen temperatures. Impedance spectra were measured using a
Solatron 1260 frequency response analyser with no DC polarisation, using a frequency range
of 1Mz to 0.01Hz and applied voltage amplitude of 50mV. Experiments were carried out in
air and data were collected over a temperature range of 900 °C to 500 °C at 50 °C intervals

and analysed using Scribner Associates Z-view software.

As these specimens were symmetrical, they consist of two nominally identical electrodes,
therefore all of the data presented has been divided by two to obtain the polarisation

resistance (Rp) value of a single electrode. To give a better impression of how the size and
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shape of the spectra are in relation to one another, series resistance (Rs) has also been
subtracted from the responses. To assess the microstructure of specimens, it was vacuum
mounted in epoxy then sectioned and polished to a 1 micron diamond finish. Jeol JSM-5600

scanning electron microscopy was used for the SEM images.

3.1.2.2 NPCO as current collector

In this study 8% yttria stabilised zirconia (8YSZ) was used as the electrolyte and a CGO
interlayer was used to prevent the reaction between cathode material and YSZ. Composites
50:50 (wt%) NPCO20 and 10 mol % CGO were used as the cathode material. Two
configurations were tested (in-situ NPCO and pre-fired NPCO current collectors). Inks were
formed by ball milling of mixed powders in acetone and dispersant, followed by dispersion

into terpineol/PVB vehicle. The experimental procedure is given below.

Samples of NPCO 20 were synthesised by solid state methods. Oxide powders, Nd,O3 (Alfa-
Aeser 99.9%), PrsO11 (Alfa-Aeser 99.9%), CuO (Aldrich 99+ %) were weighed out in the
appropriate stoichiometric ratios and were ground in acetone. The mixture was then dried and
heat treated in air at 850 °C for 36 hours. The resulting powder was then reground and the
heat treatment was repeated. The final powders were analysed by XRD with a Phillips

diffractometer to identify the phases present.

Previous studies had shown that a 50:50 (by weight) composite of NPCO and 10 mol%
gadolinia doped ceria (CGO10) produced a promising cathode structure. Therefore 50%
weight NPCO was used as a cathode material for this work. Earlier work had revealed that

the cuprate material is sinter active at temperatures of 900 °C -1000 °C and that to minimise
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any over densification of the cathode layers a sinter temperature of no more than 1000°C

would be required (82).

Therefore a high surface area (36 m?g) CGO10 (Praxair Specialty Ceramics) was used in
composites and interlayer. This material not only exhibits high levels of ionic conductivity in
air, but also the fine structure would be more sinter active at the lower firing temperatures

required by the NPCO.

To fabricate the composite ink, the NPCO powder was subjected to 30 minutes of high
energy planetary ball milling in acetone to reduce the overall particle size from the solid state
synthesis; this was then dried to form a refined NPCO powder. This refined powder was then
roller ball milled for 18 hours with the CGO and a dispersant in acetone. Following this the
slurry was mixed with the organic vehicle and the acetone was allowed to evaporate to form

the final slurry. The solids loading of the final slurry was 65 wt%.

The pellets were uniaxially pressed from commercially available powder of YSZ (DKK
HSY8) and fired for 4 hours at 1450 °C. To prevent the reaction between YSZ and NPCO,
interlayer of CGO10 ink (Praxair 36 m?/g) was screen printed onto either side of the YSZ
pellets and prefired at 1200 °C for 2 hours before the application of the cathode. Cathodes
layers were applied by screen printing on to both sides of pellets to create a symmetrical half
cell arrangement. These layers were fired in air for one hour at 1000 °C to create 1cm? porous

electrodes.

Current collector inks were fabricated by mixing a calcined NPCO powder directly into an
organic based screen printing ink vehicle using a mortar and pestle. This resulted in a

viscous, coarse paste which was applied to the pre-sintered cathode by hand painting. Two
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fabrication routes for the current collector were investigated in this work; pre-firing and in
situ-firing. In the former, the current collecting layer was fired for 1 hour at 1000 °C prior to
testing and for the in situ-firing, the current collector layer was dried at 80 °C after painting

and fired within the electrochemical test cycle.

The specimen was held in an alumina holder with spring loaded Pt contacts within a tube
furnace, with a thermocouple located close to the specimen to record specimen temperatures.
Experiments were carried out in the static air volume of the furnace. Impedance spectra were
measured using a Solatron 1260 frequency response analyser with no DC polarisation using a
frequency range of 1Mz to 0.1Hz and an applied voltage amplitude of 50 mV. The specimens
were heated at a rate of 2 °C min™ to a furnace temperature of 900 °C and allowed to
equilibrate for one hour. In the case of the insitu-fired current collectors this constituted the
firing cycle. Data was then collected over a furnace temperature range of 900 °C to 500 °C at
50 °C intervals and analysed using Scribner Associates Z-view software. As these specimens
were symmetrical they consist of two nominally identical electrodes, therefore all of the data
presented has been divided by two to obtain the R, value of a single electrode. To give a
better impression of how the size and shape of the spectra compare in relation to one another

Rs has also been subtracted from the responses.

To assess the microstructure of each electrode, post test specimens were vacuum mounted in
epoxy resin then sectioned and polished to a 1 micron diamond finish. Microstructural

analysis was carried out by using Jeol JSM-5600 scanning electron microscopy.
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3.2 Results and discussion

Results and discussion mainly divided in to two sub categories as shown below,

3.2.1. Characterisation of praseodymium doped neodymium copper oxide

3.2.2. Cathode testing

3.2.1 Characterisation of praseodymium doped neodymium copper oxide (Nd,Pr

xCUO415)

Basic characterisation was carried out using X-ray analysis data, microstructure of the
untested NPCO pellets, two point AC and DC electrical measurements for NPCO15 and
NPCO25 compositions and finally four point DC electrical measurement for NPCO15,
NPCO20 and NPCO25 compositions with respect to temperature and Oxygen partial

pressure.

3.2.1.1 X-ray analysis data

Figure 3.3 shows the x-ray diffraction patterns for the various powders synthesised during
this work. Nd,—Pr \CuQ,.s materials were produced over the range 0 .15< x <0.25 and these

match published patterns for tetragonal T" phase with 14/mmm space group.
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Figure 3.3:. X-ray patterns for the different Nd,.Pr,CuO, compositions

X-ray diffraction data indicate that NPCO is phase pure across all of these dopant
concentrations suggesting a wider range of solubility for Pr. This may not be too unexpected

when one considers that the atomic radius of Pr is closer in size to Nd.
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Figure 3.4: Lattice parameters a of Nd,Pry, CuQ,4 versus x

89



12.208 -
12.206 -
12.204 -
12.202 -
. 12.2 -
<< 12.198 -
12,196 -
12.194 -
12.192 -
12.19 - I
12.188 T T T T T )
0.14 0.16 0.18 0.2 0.22 0.24 0.26
x in Nd2-xPrx CuO4

Figure 3.5:. Lattice parameters a of Nd,.Pr, CuO,4 versus X

When increasing x the a-axis and c-axis decrease due to the smaller ionic radius of Pr**, it
also suggests that the limiting point of the solid solution of Nd,.xPr«CuQ, substitution ratio is
around x=0.2, but in order to understand the exact value of limiting point, it is much better to
synthesise the Nd,xPriCuQ, series between substitution ratio 0.2 to 0.25 with smaller

increment.

3.2.1.2 Microstructure of the pellets

Electron microscopy can be used for both microstructural characterization and for
determining compositional variation within a solid. Figure 3.6 and 3.7 show the SEM images
of NPCO15, NPCO25 untested pellets respectively. These figures illustrate that the particle
size is ca 3-5um and porous structures of the pellets for NPCO. Porous structure is important

for cathode as it facilitate the gas diffusion along the material.
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Figure 3.6: SEM image of an untested pellet NPCO15
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Figure 3.7:. SEM image of an untested pellet NPCO20
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3.2.1.3 Two point measurement

DC and AC conductivities were measured using 2 point measurement (lead compensated 2
point measurement). Conductivities in air (NPCO15, NPCO25) up to 900 'C were obtained,

but conductivities show (figure 3.8) much lower than expected values (40-80 Scm™).

Conductivity (Scm™? )
5 -

45 - NPCO15
4
3.5
31 n
2.5 =
2 [ |
15
NPCO 25
1 4

0.5 - =

0 —L 1 1 1 1 1 1 1 J

400 500 600 700 800 900 1000 1100 1200 1300

Temperature (K)

Figure 3.8: DC Conductivities of NPCO15 and NPCO25 in air

This could be due to high contact resistance which is not in the same magnitude with the
pellet resistance. Typically the resistance of the point of contact is far smaller than the
resistance of the sample, therefore it can be ignored. But, when one is measuring a very small
sample resistance, the contact resistance can dominate and for this reason completely obscure
changes in the resistance of the sample itself. The effect of the contact resistance can be

eliminated using a four point DC technique.
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Figure 3.9: AC conductivity for NPCO15 obtained from impedance spectra

In order to compare the AC conductivities (figure 3.9), impedance was measured for the same
pellet NPCO15 in air up to 900 'C by employing a two point probe. In order to get
compensate for the lead resistance, impedance of the Pt wires was measured in all the
temperatures. Figure 3.8 and 3.9 show that AC and DC conductivites for the NPCO15 are
nearly the same but the conductivities are much lower compared to the expected value. This
is probably due to high contact resistance. In order to eliminate that, four point DC

measurements were carried out for sample NPCO.
3.2.1.4 Four point measurement

Conductivities for the NPCO in air and conductivity at different oxygen partial pressures
were measured using the four probe DC technique. These were measured after the same
amount of time on test and suggest that a maximum conductivity may exist close to a dopant

level of x = 0.25.

93



= .= NPCO15
== NPCO 20

1 === NPCO25
90

80 - |

70+

60 4
50 4
404
30

20

Conductivity (Scm™)

10 +

-10 T T T T T T T T T T
200 400 600 800 1000 1200

Temperature (K)

Figure 3.10: Comparison between DC conductivites in Nd,.4Pr,CuO,where x=0.15, 0.20, and 0.25 in

air up to 900 C

94



Table 3.1: NPCO conductivities in air

Composition | c at 900K | o at 1000K | ¢ at1160 K | Activation energies
(Sem™) | (Sem™) (Scm™) obtained from the slope (eV)
NPCO15 19.8 27.6 52.3 0.31
NPCO20 22.4 26.7 47.9 0.33
NPCO25 52.2 56.84 86.7 0.33

The highest conductivity was obtained for NPCO25 in air about 86.7 Scm™ at 900 'C.
NPCO15 and NPCO20 show pure semiconductor behaviour without showing any
semiconductor/metallic transitions while NPCO25 shows a slight different behaviour. This
may be due to several reasons. These are metallic/ semiconductor transition, phase transition
(two phase effect might change the microstructure), or the changes in the oxygen
stoichiometry (oxygen loss on heating). Refinement of X-ray diffraction data suggests
(figure 3.4 and figure 3.5) that the limiting point of the solid solution is around x=0.2
substitution ratio. So, if we increase the Pr beyond 0.2 levels, it will not be in the same
matrix. Therefore these NPCO25 compositions may adopt different behaviour compared to

the NPCO15 and NPCO20 compositions.
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In order to understand the thermal activation process Arrhenius plots, log sigmaT vs 1000/T
for NPCO15, NPCO20 and NPCO25 were plotted (Figure 3.11). Similar to the Sigma vs T
plot, NPCO15 and NPCO20 have a similar behaviour for log sigma.T vs 1000/T while
NPCO25 has a slightly different behaviour. The linearity of the plots (log sigma.T vs.
1000/T) for NPCO15 and NPCO20 showed that the observed increase in conductivity are due
to the thermal activation, probably due to small polaron conduction. But non linearity of the
plot NPCO25 in figure 3.11 showed that the observed increase in conductivity was not just
due to thermal activation. Maybe another mechanism is contributing for that composition,

although, all the three compositions follow Arrhenius behaviour at low temperatures.
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Figure 3.11:. Log sigma.T vs 1000/T for NPCO15,NPCO20 and NPCO25 in air
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It is interesting to see the material’s behaviour, especially conductivity with respect to p(Oz2).
To investigate this Argon was used to create a milder reducing atmosphere. Figure 3.12

shows the reduction-oxidation cycle of NPCO20 between air and argon at 900 °C.
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Figure 3.12: Log 6 vs log p(O,) for NPCO20 in dry argon at 900 °C

It is known that the system loses oxygen when in reducing p(O2) atmospheres, in fact
annealing in these conditions is a requirement in attaining superconductivity. At these partial
pressures the conductivity of this material show some level of dependence on p(O2).
However the NPCO data shows lower p(O2) dependence (gradient -0.08) . The value of the
observed slope is shallower than the classical defect slopes of + 1/4 or £1/6 (82). This value

is about - 1/12, which is ¥ of 1/6 and might imply some charge disproportionation is

involved.
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From these experiments, the conductivity against oxygen partial pressure (until log p(O2) 10°
%) measurement showed an increase in conductivity with decreasing p(O,) which indicate that
this material is an n-type semiconductor. This would imply that Pr stays in the system as a

Pr** jon and introduces electrons to the system.

In order to see the fully reduced behaviour, hydrogen was used as a reducing atmosphere.
Figure 3.13 shows the reduction of NPCO20 in hydrogen at 900 °C. In this experiment, the
conductivity of pellets were measured as the oxygen partial pressure in the test jig was slowly

allowed to decrease.
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Figure 3.13: Plot of log conductivity versus log p(02) for the NPCO20 composition (data was

collected at 900 °C

Sample behaviour is similar in Argon until it decomposes beyond 102. This material shows
an abrupt change in conductivity at values between 10 and 103% After full reduction with

hydrogen, the sample is re-oxidized, then sample lost 20% of conductivity, that mean it is
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not fully reversible. This can be presumably due to the reduction of the Pr** cation to Pr¥",
which is the same valence as the host Nd** cation therefore any charge carriers introduced by
the higher valence Pr** are lost and conductivity will drop. However one must also consider
the creation of Cu™* cations within the CuO2 planes and the effects of this on conductivity.

At oxygen partial pressure below around 10 atmospheres conductivity has been found to
drop dramatically in representative anode conditions when the measured conductivities have
been below 10" Scm™, which is far too low for anode current collection and distribution

2+/1+

applications. This has been attributed to a reduction on the Cu cation to Cu°.

After the full reduction with hydrogen, NPCO20 lost ca 20% conductivity. This may
presumably be due to the sample decomposition in reduction and would not fully go back to
the previous structure or it may be due to cracks in the pellet. Therefore SEM and EDX were
used to investigate this further to see if there is any change in the microstructure or

composition (figure 3.14 and 3.15).
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I 400um 1 Electron Image 1

Figure 3.14: SEM image of tested pellet NPCO20 showing Cu is leaking out (black

areas) of the pellet
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Figure 3.15: EDX obtained for spectrum 2 in SEM image showing increasing of Cu

percentage

100



Table 3.2: EDX elemental analysing data as a percentage

Element

Cu
Pr

Nd

Totals

Weight%

22.62
76.60
0.15
0.63

100.00

Atomic%

53.86
45.93
0.04

0.17

After the reduction with Hydrogen, the microstructure of the tested pellet (figure 3.14)
indicated some black patches which were due to decomposition of the sample. To clarify this,
EDX (Figure 3.15) was carried out to determine the composition of these areas.
percentage of Pr and Nd decreased while the percentage of Cu increased (Table 3.2). This
was probably due to some CuO forming during the reduction since it would not go back to
the previous structure or it may be due to Cu precipitation. Therefore, in order to reduce the
oxygen partial pressure, argon can be used as a mild reducing agent for cuprate type
materials. However, using this material for anode side application is problematic therefore in

order to investigate the electrical behaviour in reduced atmosphere, dry Argon can be used as

a mild reducing agent.
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In order to investigate these changes due to sample instability, thermogravimetric analysis
(TGA) was used to determine the NPCO changes in weight in relation to the change in
temperature. It shows no significant mass change with the temperature change and the

composition is reasonably stable in air up to 1200 K in air (figure 3.16).

Figure 3.16: Thermogravimetric analysis of Nd; 7sPro2sCuQ, in air up to 950 ‘C

3.2.2 Cathode testing

Two types of current collectors (Pt and NPCO) were used for cathode testing. It has been
shown in the previous section that NPCO possesses suitable conductivity for this role (around
52.3 Scm™, 47.9 Scm™, and 86.7 Scm™ at 1160 K for different Pr substitution ratio of

NPCO15, NPCO20 and NPCO 25 respectively). Candidate structures for cathode testing
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were assessed in symmetrical half cell arrangements and direct electrochemical performance

comparisons have been carried out using Ac impedance measurements at open circuit.

3.2.2.1 Pt as a current collector

Use of Nd,«PrCuOy as part of a cathode system was explored with pt as a current collector.
Symmetrical cells were made with three steps as shown in as figure 3.17 (1. dense electrolyte

2. dense electrolyte with porous cathode material, 3. Pt grid painted symmetrical cell).

&

Figure 3.17: Symmetrical half cells before testing

Impedance was measured for NPCO15 (Pure and composite compositions) on CGO
electrolyte in air up to 900 ‘C by employing basically a two point probe. Impedance spectra
recorded from a symmetrical cell of Nd;gsPrp15CuO, on a CGO electrolyte are shown

below:-
a) High temperature behaviour (900 “C, 850 'C)
b) Medium temperature behaviour (800 'C 700 ‘C)

c) Low temperature behaviour (600 'C)
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In order to compare the results between pure and composite materials, they were both plotted
in the same graph.
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Figure 3.18: Impedance spectra recorded from a symmetrical cell of Nd;gsPry15CuO, on a CGO

electrolyte at 900 'C
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Figure 3.19:Impedance spectra recorded from a symmetrical cell of NdjgsPrqo:5CuO, on a CGO

electrolyte at 850 'C
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b) Impedance spectra recorded at medium temperature
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Figure 3.20: Impedance spectra recorded from a symmetrical cell of Ndy gsPr15CuO, on a CGO

electrolyte at 800 'C
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Figure 3.21: Impedance spectra recorded from a symmetrical cell of Nd;gsPry15sCuQ, on a CGO

electrolyte at 700 C
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¢) Impedance spectra recorded at low temperature
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Figure 3.22:Impedance spectra recorded from a symmetrical cell of NdjgsPro:sCuO, on a CGO

electrolyte at 600 'C

A typical set of impedance spectra obtained from the Nd; gsPrp15CuO, material are shown in
Figure 3.18 to 3.22. In these impedance arcs, charge transfer process (chemical process) is
assumed at high frequency and a mass transfer (mechanical process-Oxygen diffusion)
process at lower frequency. This arc at medium to low frequencies suggests that the charge
transfer process is slow (rate limiting) and therefore a charge builds up on the surface of the
electrolyte. Log ASR (Area specific resistance) vs 1000/T for NdjgsPro1sCuQy is
demonstrating activation energy changes in the 900 ‘C to 600 ‘C range (Figure 3.24).
Activation energy 1.89 eV and 1.67eV were obtained for NPCO15 on CGO with 100%

NPCO cathode and 50% NPCO15; 50% CGO respectively.
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Better performance was obtained for composite cathode material than the pure cathode
material. At higher temperatures the performance of the composite cuprate was certainly
good enough to be of interest as a cathode, with approximate R, values of 0.03 Qcm’, 0.07
Qcm?®and 0.15 Qcm® at temperatures of 900°C , 850°C and 800°C respectively. An activation
energy of 1.67 eV is exhibited compared to 1 to 2 eV expected for conventional cathode
materials such as LSM (129). Pure NPCO cathode material shows less performance
compared to the composite with approximate R, values of 0.09 Qcm?, 0.5 Qem? and 2.14
Qcm? at temperatures at 900°C , 850°C and 800°C respectively with activation energy 1.897
eV. Lower activation energy of the 50:50 composite structure shows a significant
performance benefit over the single phase material at temperatures down to 600°C.

In order to understand the microstructure of these symmetrical cells, cross sections of
polished samples were prepared for the tested symmetrical cell. The microstructure of these
layers shown in figure 3.25 shows a fine porous structure which appears well bonded to the
electrolyte, indeed no delamination has been observed in these pellets. This is of considerable
importance if this cathode is suitable for use at higher SOFC operating temperatures, where

sinter activity has been seen in these materials.
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Figure 3.23: Arhenius plot of Nd;gsPry15CuO, on a CGO10 electrolyte with pure and composite

compositions
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Figure 3.24: SEM image of polished cross section of tested symmetrical cell of NPCO15 on CGO

electrolyte
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Due to better performance on composite cathode, the next part of the work was carried out

using 50% composite NPCO as a cathode material with an NPCO current collector.

3.2.2.2 NPCO as a current collector

Impedance was measured for that composite NPCO20 (50% NPCO : 50% CGO composite )
on YSZ electrolyte with CGO interlayer in air up to 900 ‘C by employing basically a two
point probe. Basically two configurations were tested with symmetrical cell arrangements,
they are pre-fired NPCO current collecting layer and the in-situ NPCO current collecting

layer. Impedance spectra recorded from the symmetrical cells are shown below.
a) High temperature (900 ‘C, 850 'C)
b) Medium temperature (800 'C,750 'C)

c) Low temperature (700 'C, 600 C)

In order to compare the results between pre-fired CC and in-situ CC, they both are plotted in

the same graph.

109



a) Impedance spectra recorded at high temperature
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Figure 3.25: Impedance spectra recorded from a symmetrical cell of Ndy goPry20CuO, on a CGO

electrolyte at 900 C
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Figure 3.26: Impedance spectra recorded from a symmetrical cell of Nd; goPrq20CuO4 0n a CGO

electrolyte at 850 'C
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b) Impedance spectra recorded at medium temperature
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Figure 3.27: Impedance spectra recorded from a symmetrical cell of Ndy goPry20CuO, on a CGO

electrolyte at 800 'C
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Figure 3.28: Impedance spectra recorded from a symmetrical cell of Nd; goPrq20CuO4 0n a CGO

electrolyte at 750 'C
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Impedance spectra recorded at low temperature
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Figure 3.29: Impedance spectra recorded from a symmetrical cell of Nd;gPre,0CuQ, on a CGO

electrolyte at 700 'C
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Figure 3.30: Impedance spectra recorded from a symmetrical cell of Nd; goPry20CuO, on a CGO

electrolyte at 650 'C
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Figure 3.31: Arhenius plot of 50% composite Nd;gPro2CuO, with CGO interlayer on a YSZ

electrolyte with pre-fired and insitu CC layers

Differences of the prefired current collecting and in-situ current collecting are obvious in all
the temperatures. In general, the overall spectra appear to consist of two to three rate limiting
steps. From this data, three active processes have been identified in the cuprate cathode. At
this time they have tentatively been ascribed to surface adsorption/diffusion, electrochemical
exchange and internal transport ionic of species, with the surface adsorption and
electrochemical exchange as the dominant effects at low and high temperatures respectively,
however, as the temperature is reduced the impedance response appears to become more
complex. As the temperature is reduced a low frequency arc becomes dominant. It is
therefore likely that these processes are related to surface effects such as absorption and

surface diffusion of Oxygen species. Although this arc is well defined in the lower
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temperature spectra, it does not form the dominant process in the spectra measured at higher
temperatures and may suggest a diffusion based process which is more prevalent at lower
temperatures. At higher temperatures the response is dominated by an arc and is ascribed to
electrochemical and charge transfer processes within the electrode structure. Pre-fired current
collectors appear to give the most promising results, with R, values of 0.05 Qcm? 0.11Qcm?
and 0.19 Qcm? at 900°C , 850°C and 800°C respectively having been observed for cathode
structures with the CGO interface layer while in-situ current collector give R, values of 0.36
Qcm? , 0.56 Qem? and 1.09 Qcm? at 900°C , 850°C and 800°C respectively. Pre-fired
samples are good enough for mid temperature SOFC operation in the range of 850 °C to 800
°C. Therefore this performance observed for the pre-fired structures suggests possible
applications in the temperature range of 850-800°C and may give a method for the
incorporation of current collection and cell to interconnect contact in a single layer. Pre-fired
structure would offer a better environment to prevent the built up of this strain over the area

of the electrode. This may be advantageous for stack assembly and reduced degradation, and

so provide a reliable and consistent cathode contact to the interconnect.

After being tested with impedance, the samples were analysed with the SEM to see if there
was any post delamination or not. There was no any indication of a weak bond between the

cathode and the electrolyte and post test delamination (figure 3.32).
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Figure 3.32: SEM image of polished cross section of tested symmetrical cell with in-situ current

collecting layer

3.3 Conclusions

The main aim of this work was to explore the basic high temperature electrical characteristics
of Nd,xPriCuQOg4.s and how this matches with those required for components in an SOFC
stack or system. From this, it was hoped to determine any possible applications for the
NPCO system in SOFC applications. NPCO was characterised over a range of dopant levels
(x=0.15 - 0.25) and a maximum conductivity ( 86.7 Scm™) in the region of x = 0.25 was
identified due to the solubility limit of praseodymium in the neodymium cuprate matrix and
suggests that this provides the optimum conditions for transport of ionic and electronic
species within the material. NPCO has shown the highest conductivity with over 80 Scm™
being observed from structures formed at temperatures normally associated with stack sealing
and conditioning cycles. This offers the possibility of robust, high conductivity contacts
leading to improved stack performance through better current distribution and reduced ohmic
losses. NPCO shows n-type semiconductor behaviour which is of great promise for cathode

side application which gives operational advantages when operating at mild oxygen
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deficiency (e.g high Oxygen utilization) or high cell polarisation where the local cathode

oxygen partial pressure is reduced.

At slightly reduced p(O,) the conductivity rises as one would expect with an n-type semi-
conduction mechanism. However as p(O2) continues to drop, the conductivity drops
dramatically and in representative anode side conditions the measured conductivities have
been below 10 Sem™ which are far too low for anode current collection and distribution
applications. NPCO is not stable under Hydrogen reducing atmospheres therefore the

potential for an anode side application is little more problematic.

AC impedance studies have been carried out on symmetrical cells to investigate the
performance of NPCO as a cathode material. The study mainly focused on polarization
resistance and the activation energies of the cells. Low Rp values and low activation energies
are obtained for a composite cathode compared to pure cathode material. These low Rp
values and low activation energies of composite NPCO make it a possible candidate for
cathode material in SOFC and also its cathode performance is comparable with existing
cathode material and worth further investigation.

Comparing the performance on Pt and NPCO as a current collecting material, low Rp values
were obtained for Pt (0.03 Qcm? and 0.05 Qcm? Rp values were obtained for Pt and NPCO
respectively) but NPCO still exhibited lowest activation energies which indicate good
catalytic activity (1.67 eV and 1.04 eV activation energies were obtained for Pt and NPCO

respectively).

NPCO pre-fired exhibited better performance than in-situ fired NPCO. Both in-situ and pre-
fired current collecting NPCO still exhibited lowest activation energies and it suggests good

catalytic activity. The presence of co-existing Pr**/Pr®" in cuprate structures gives better
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performance. It seems that NPCO material exhibit lower activation energies and it may also
hint at a beneficial influence of the dual oxidation states of the Pr cation on the
electrochemical reactions. From this study it is clear that NPCO shows great promise for the
role of pre-fired cathode contact and current collector. Therefore NPCO pre-fired layer can be
engineered to allow some degree of compliance during stack build. Finally from all these
studies it is evident that the praseodymium doped neodymium cuprate material shows

considerable promise as a potential cathode material for solid oxide fuel cell application. .
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Chapter 4-- Material characterisation, Structural transitions and phase

relationship in La Doped Nd,Pr, CuO,

4.0 Introduction

In this work, two different crystal structure types were considered, the tetragonal form T,
and the tetragonal and orthorhombically distorted K;NiFs-type structure T/O. The parent
compounds of these structures were Nd,CuO, for the T" and La,CuQO, for the T/O. To
investigate the phase transformations between these two structures La was doped into a

Nd1 gPro2CuQ, to obtain the general family of Ndy gxLaxPro2CuOs.

4.1 Methods used

Nineteen samples with different compositions were examined to construct the phase diagram
of Nd; gxLaxPro,CuO, family. Materials have been produced, with varying La content over
the range x=0 to x=1.8 with an increment of 0.1, by the solid state method. Hygroscopic
powders (Nd,Os3, PrgO11, La,O3) were dried for 30 minutes at temperature up to 900 °C.
Stoichiometric amounts of Nd,O3 (Alfa-Aeser 99.9%), PrgO1; (Alfa-Aeser 99.9%), CuO
(Aldrich 99+ %) and La,O3 (Aldrich 99.99%) were then weighed and ground in acetone.
These mixtures were then dried and calcined in air at 850 °C for 36 hours. Following this,
powders were reground using a planetary ball mill and the heat treatment (850 °C for 36
hours) repeated .1t was found 850°C fired samples (where the x=0.3 to 1.6), is a mixture of
two phases, therefore all the samples were reheated 950 °C for 24 hours to synthesis

NLPCO. 3°C min™ rate was used for both heating and cooling.
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Phase purity was examined by X-ray diffraction (XRD) analysis of powders on a Stoe
STADI/P powder diffractometer. Incident radiation was generated using a CuKa; source
(CuKa 1 =1.54056 A°). The step size for data collection was 0.02° with a collection time of 10

s at each step. Vaseline was used to mount the sample in the holder.

In-situ X-ray diffraction analysis of powders were collected at room temperature on a Bruker
Axs D8 advance diffractometer equipped with a Lynxeye detector in the 10-90° range with a
step of 0.02° and accounting time of 25 s per step (CuKo=1.54 A). The high temperature
diffraction data were collected in the 10-90° range, with a step of 0.0148°and a counting time

of 0.2 s per step, on a Bruker axs D8 advance diffractometer equipped with a high

Figure 4.1: Schematic diagram of the solid state reaction
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temperature Anton Paar HTK 1200N chamber and a one dimensional X-ray detector
VANTEC-1 (CuKa=1.54 A). X-ray data was recorded every 50 °C increment up to 1000 °C
for all over these compositions, but interesting temperatures for each compositions (T, T™,
T/O) was selected and plotted in the graphs. All these graphs were plotted upon cooling from

1000 °C to room temperature. Equilibration time at each temperature was 1 hour.

FULLPROF software (123) was used to perform least squares refinement of the room

temperature lattice parameters of the samples.

The oxygen content of all the single phase samples was determined by thermogravimetric
analysis using a TGA (NETZSCH/ TG209). About 20 mg of powder was heated at 5C/min
under flowing 5%hydrogen/95%argon (22ml/min,) from 50 'C to 950 "C. The content of

oxygen was calculated by considering the detected mass losses.

Magnetic properties were only measured for selected compositions of single phase materials.
A MPMS superconducting quantum interference device was used to determine the

magnetization measurements from 200K to 5K.

Electrical properties were measured using small circular pellets. Powders were uniaxially
pressed using a pressure of 120 Mpa. The pellets had a diameter of 13 mm with a thickness of
1-2 mm and were fired in air for 10 hours at 950 'C. Conductivity was measured using a four
point DC technique with measurements obtained in air between room temperature and 900
“C. Effects of Oxygen partial pressure were also studied at 900 °C by introducing nitrogen or

dry argon, either of which was flushed through the system until a stable p(O,) was measured
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by an YSZ oxygen sensor. Once this was reached the system was sealed and the conductivity
monitored as the p(O,) slowly increased as oxygen found its way back into the system by
natural leakage. Electrical behaviour was studied in some compositions where the La level

was x = 0.0.0.1, 0.2, 0.3, 1.7 and 1.8.

4.2 Results and Discussions

4.2.1 Phase characterization
Room temperature as well as high temperature X-ray diffraction (up to 1000 'C) data were

collected.

4.2.1.1 Room temperature X-ray analysis

From analysis of the XRD patterns obtained at room temperature there are clearly five
distinguishable regions for the 950 °C fired Nd;gxLaxPro,CuO,4 system (Figure 4.2). They
are, (1) monophasic T~ solid-solution for 0.0<x<0.8; (2) two phase mixture T~ + T~ for 0.8 <
x < 1.4; (3) monophasic T "solid—solution for 1.4 < x < 1.5; (4) two phase mixture T"" +O for
1.5 < x < 1.6; and (5) monophasic O-phase solid—solution for 1.6 < x < 1.8. Interestingly, a
new tetragonal symmetry phase, T"", was found similar to the well-known T~ type structure
which has slightly larger a and ¢ axes. XRD patterns of monophasic systems (T, T and O)

at room temperature are shown in figure 4.3.
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Figure 4.2: Room temperature XRD patterns for the Nd; g LaxPr,,CuO,where the x is between 0-1.8

with an increment of 0.1
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Figure 4.3: XRD pattern for the Single phase compositions at room temperature for T* phase (x=0.1)

T phase (x=1.45) and O phase (x=1.7) for Nd; g.xLa,Prq,CuQ,
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Table 4.1: Refined structural parameters for Nd; g LaxPr,,CuO4 where x=10.0, 0.1, 0.2, 0.3, 0.4, 0.5,

0.7,1.45, 1.7 and 1.8 at RT (295K)

X Phase Space a(A) b(A) c(A) cla V(A%
group

0.0 T 14/mmm | 3.9523(2) | - 12.1963(9) | 3.08528 | 190.51(2)
0.1 T 14/mmm | 3.9570(4) | - 12.1967(1) | 3.08588 | 189.92(4)
0.2 T 14/mmm | 3.9600(1) | - 12.2201(5) | 3.08832 | 190.34(1)
0.3 T 14/mmm | 3.9616(3) | - 12.257(1) | 3.09393 | 192.37(3)
0.4 T l4/mmm | 3.9627(3) | - 12.2681(9) | 3.09588 | 192.65(2)
05 T 14/mmm | 3.9643(1) | - 12.2803(5) | 3.09766 | 193.00(1)
0.7 T l4/mmm | 3.9721(4) | - 12.322(1) | 3.10228 | 194.43(3)
1.45 T” 14/mmm | 4.0065(1) | - 12.5255(5) | 3.12629 | 201.05(1)
17 0 Bmab | 3.7963(1) | 3.8360(L) | 13.1586(2) | 3.44810 | 191.62(1)
18 0 Bmab | 3.7963(1) | 3.8341(L) | 13.1658(2) | 3.45085 | 191.64(1)

The room temperature Rietveld refinement profile for T, T'+ T™

[4/mmm was shown in figure 4, 5
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Rietveld analysis of Nd1.41a0.4Pr0.2Cu04 at RT
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Figure 4.4: Rietveld refinement profile of T* phase (Nd4Lag4Pro2CuQ,) at room temperature (295K)
in the 14/mmm space group. Observed (plus sign), calculated (continuous line) and Bragg reflections
(vertical lines) are shown. Chemical cell: s.g. 14/mmm, a = b =3.9627 (3) A, ¢=12.2681(9) A,

v=192.65(2) A%, R,: 5.49, Ryp: 7.01, Rexp: 7.04, x 2 0.992, Rg: 8.89
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Figure 4.5: Rietveld refinement profile for the two phase region (T'+ T") at room temperature
(295K) in the 14/mmm space group. Observed (plus sign), calculated (continuous line) and Bragg
reflections (vertical lines) are shown. Chemical cell for T": s.g. 14/mmm, a = b 3.9772 A (2) c=
12.316 A (1), v=194.82(2) A% Chemical cell for T"": s.g. 14/mmm, a = a=3.9965 A (2) c=12.4888 A

(6), V=199.47(2) A% R,: 5.44, Ryp: 7.02, Rexp: 6.43, %% 1.19 Rg: 7.20 (phasel) 7.35 (phase2)
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In order to understand the cell parameter change along the series x vs a,c and c/a were plotted
V(A3)
cla

in figure 4. 6.
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Figure 4.6: Lattice parameters (a, ¢ and c/a) and volume (V) vs. La content for the single phase

regions (T, T and O) of Nd, g.xLa,Pro,CuO, measured at room temperature
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Both lattice constants a and c increased with increasing x following Vegard's law from x=0
till x<0.8. Discontinuities of the cell parameters are obtained where 0.8 <x <1.4 and 1.5<x <
1.6 due to the compositional phase separation. The T" has a much smaller ¢ axis and c/a ratio
and a larger a axis and cell volume compared to T (O) structure. The narrow single phase, T™
phase, around 1.4<x<1.5 has larger a and ¢ axis and c/a ratio compared to T". Figure 4.3
shows the similarity of these tetragonal phases in X-ray analysis obtained for La levels of 0.1
and 1.45. However, the lattice constants of both a and c are clearly distinct between the two
tetragonal phases. Remarkably T°* has a much larger cell volume than either T* or T/O

phases.

Figure 4.7 shows the graph obtained with increase La content (x) against the intensity ratio
I+ /( I++I7). It indicated that intensities of the T"(I+-) decreases with La doping which leads
to zero intensity between La content of 1.4 to 1.5 content (~ 1.45) . That mean when the La
level reaches to around 1.45 in this compound (NdgssLa;.45Pro2CuQ, ) the phase will be a

pure T"" phase.
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Figure 4.7: La content (x) vs It/ (I v+l 1) for the Ndg«LasPro,CuO,system
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4.2.1.2. In situ X-ray analysis

In order to understand the phase development involving these three tetragonal modifications
(T, T, T7) in-situ high temperature XRD analysis was performed on cooling with

temperatures where monophasic systems were found.

Figures 4.8, 4.9, 4.14 show the results from in-situ XRD studies for T* (x=0.1), T"" (x=1.45)

and O (x=1.7) respectively for the Nd; g.xLaxPro2CuQ,4 system.
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Figure 4.8: In-situ XRD pattern for T" phase at different temperature for the x=0.1 composition
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Due to the strictly square planar Cu coordination in T', this phase is very robust and does not
show buckling of the CuO; planes down to the lowest temperature (130). This phase can
tolerate wide range of lanthanides, from Pr to Gd. High temperature X-ray analysis (Fig 4.8)
indicates that T~ phase is stable up to 1000 °C without any compositional separation or phase
transition for compositions 0.0<x<0.8. Replacement of a greater amount of the smaller Nd**
by larger La*" increases the bond length mismatch for the T" phase , which will lead to

changes in ¢ axis oxygen transforming the fluorite layer to a rock salt layer.

103
110
114
a0
211
204
213

01
04
12
005
ims
L
_I
M8 07
00a
-

- 1000 :‘GT o |L...L

-1 400°C il ) | h h T l

_ 300°C \ L_C‘ﬁ
A

Intensity (arb. unit)
20

1200°C

LN
At
M’

U |

=

=110
114
008
200
204,
213 ;_
07

103 I

15_ = L - =
- Sl TS
20 30 2g 40 50

Figure 4.9: In-situ XRD pattern for T phase at different temperatures for the x=1.45 composition
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In the 1.4<x<1.5 compositional range, the high temperature tetragonal T (I4/mmm) phase
was found at the highest temperatures. This undergoes orthorhombic distortion between 400
and 300°C and converts to the T"" phase at lower temperatures. At 200 °C there is still a
mixture of T and O as the transformation has not completed with the time of the experiment.
By 100 °C, however the sample is entering T"". The T~ phase does not exist at high
temperature; it forms upon cooling at lower temperatures which make sintered pellets become
very fine powders when cooled to room temperature. Interestingly, this phenomenon only

occurred when the pellets were sintered above 900 °C.

A< dyp-r Cp> Ay Vp<Vp-

Figure 4.10: Schematic diagram for T to T " transition for the x=1.45 composition
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Different calcination temperatures (850 °C and 950 °C) have been investigated and both slow
cooling and quenching have been employed. Samples in the range 0.2 <x<1.4 which have

been annealed below 950°C formed T"+ T/O phases (Figure 4. 11).

After annealing at lower temperature (e.g. 850 °C ) the T° phase does not appear on cooling
as the T phases undergoes a spinodal decomposition into higher and lower Nd content T™ and
T /O phases. Therefore the T~ phase only forms with a moderately fast cooling rate. The high
temperature T phase undergoes a diffusionless transition to the metastable T~ phase.
Therefore on annealing any rapidly cooled sample at lower temperature, equilibrium spinodal
product phases (T" and T/O) will be formed (figure 4.11). Samples in the range of 0.2 >x>1.4
which have been fired below 950 °C formed T "+ T/O equlibrium phases. Higher calcinations
temperatures (950 °C) prevents the onset of the orthorhombic phase at x=0.2. However a
further lattice distortion was observed beginning at x=0.8; this is a T"" phase and exists in a
mixture with the T" phase until x=1.4. The T"" phase only exists as a single phase over a
narrow band between 1.4<x<1.5 before the emergence of the orthorhombic distorted phase
which becomes a single phase at x=1.6. The T"" phase was observed both in quenched and
slow cooled specimens for the 950°C fired samples. Two different ramp rates (3 °C min™ and
2 °C min™) were used for the slow cooling specimens. But these ramp rates are not slow
enough to form equilibrium spinoidal products. That means this slow cooling processes are
relatively fast. But on annealing samples at lower temperature (e.g. 850 °C, 600 °C ) for a
long time (24 hours), equilibrium spinodal product phases (T" and T/O) will be formed.
Therefore the T™" phase forms with relatively fast cooling rate, which does not allow the
necessary diffusion of ions and the compositional adjustment required for the low
temperature equilibrium phases (T~ and T/O) to form. Figure 4.11 shows the 850 °C
annealed samples for the Nd;gxLaxPro2CuO, the range x=0 to x=1.8 with an increment of

0.1. It shows there is no any metastable T present for the low temperate annealed
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compositions. T"" phase was preserved at operational temperatures and more detail will be

discussed in chapter 5.
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Figure 4.11: Room temperature XRD pattern for the 850 °C annealed samples for theNd, 5.

«LaxPry2CuQ, where the x=0 to x=1.8 with an increment of 0.1
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It has been suggested by Manthiram and Goodenough (76) that in the biphasic system (T" +
T°") that higher temperatures, disordering the cation and /or the O ions within Ln-O layers,
stabilises a single phase material via large entropy term in the free energy. Then upon cooling
to lower temperatures, ionic ordering within Ln-O layers can occur at room temperature,
resulting in a spinoidal decomposition to the biphasic mixture T" and T"". But our results
indicate that two phase region (T" + T™") does not stabilise as a single phase even at elevated
temperatures (1000 °C). Even at 1000 °C these compositions (0.8 <x < 1.4) formed T  and T.
For an example composition at x=1.2 (Nd; s.xLaxPro.CuQ, ) at room temperature it exist as
T and T but when the temperature is gradually increased the T phase transforms to T
while the T phase stays stable as described in figure 4.12. Figure 4.13 further explains this
phase behaviour, as can be seen at 1000°C; at x= 1.2 composition is a combination of T" and
T. Therefore two phase region (0.8 <x < 1.4) at higher temperatures, forms T and T, and
it wouldn’t stabilises any single phase at any point. The T phase distorts to O with upon
cooling while T" remains stable with temperature. Even though T" and T"" have similar XRD
patterns at room temperature the phases are discrete in compositional space, and the T

phase seems to be Kinetically stabilised.
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Figure 4.13: Comparison of XRD pattern for the Nd;gLasPry,CuO, at 1000°C where x=1.2 (two
phases) and x= 0.1, x= 1.7 where both are single phases. It is clear the x=1.2 spectra is a combination

of Tand T

The single phase orthorhombic T- structure was found only between 1.6 < x < 1.8 for the
Nd; gxLaxPro.,CuO,4 system. This is very similar to the La,CuQ, structure. La,CuQy is
orthorhombic at room temperature; La,CuO,4 undergoes a second order crystallographic
transition, orthorhombic to tetragonal, near 533K with minor change in unit cell volume.
(88,131). Similar to La,CuQg4, NdjgxLaxProo,CuO, undergoes tetragonal to orthorhombic
phase transition at ~523 K due to this cooperative rigid tilting of the elongated CuOg
octahedral along the 110 direction of the tetragonal unit cell. The In-situ XRD pattern for T/O
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phase at different temperatures where x=1.7 composition were plotted in figure 4.15. Nd; s-
xLaxPro 2CuQ, for tetragonal (T) and orthorhombic phases obtained space group 14/mmm and

Bmab respectively.
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Figure 4.14: In-situ XRD pattern for T/O phase at different temperatures where x=1.7 composition

With summarizing all the in situ x-ray analysing data, it is easy to plot the phase
transformation behaviour for the Nd;gxLaxProo,CuO, with temperature. The phase
transformation behaviour of this system is summarised in Figure 4.15.
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involving the metastable (non-equilibrium) T™" phase

Figure 4.16 shows the equilibrium phase diagram for Nd; gxLaxPro.CuO4 which has been

obtained using both 850 °C and 950°C fired samples.
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Figure 4.16: Phase diagram of Nd; gxLasPro,CuO, showing location of metastable T*" phase formed
on rapid cooling at 950 °C. Black lines show equilibrium phase boundaries, red lines mark

approximate limits of the metastable T" phase fields (a=T'+T", b =T"", ¢c= O +T")

As shown in figure 4.16, there are three equilibrium phases for Nd; gxLaxPro,CuQ, at room
temperature. They are, (1) monophasic T  solid—solution for 0.0<x<0.8; (2) two phase
mixture T" + O for 0.8 < x < 1.45; (3) monophasic O solid-solution for 1.45 < x < 1.8. The
metastable T"~ phase has no place on this equilibrium phase diagram. On annealing any
rapidly cooled sample with the compositions where 0.8 < x < 1.45 at lower temperature the

equilibrium spinodal product phases (T" and T/O) will be formed.
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4.2.2 Thermal analysis

TGA data were obtained for the compositions where x=0.0, 0.1, 1.7 and 1.8. In order to
calculate the 6 values for these Nd;gxLaxPro,CuOa.+s material thermogravimetric analysis
under 5% hydrogen heating up to 800 "C were carried. Detected mass lost (Z) were reported.
Table 4.2 shows the detected mass losses and corresponding & values for the NLPCO where
x=0.0, 0.1, 1.7 and 1.8.

TG indicated that reduction goes via mainly two steps. Copper is reduced via Cu(l) to Cu°.
Final XRD diffraction studies also confirmed that Cu(ll) was reduced to metallic copper and

Pr was reduced to +3 oxidation state (present as Pr,O3).

Therefore material was reduced as below under 5% hydrogen.

(5% Hydrogen)
Nd,; g ,La,Pry,CuOy,s Nd, g ,La,Pry,CuO; + Cu

-Z
T

(0.9 -x/2) Nd,0; +(x/2 )La,0; + 0.1Pr,0,

Table 4.2: Detected mass lost and corresponding & values

La level (x) Mass lost (Z) % d

0.00 3.78 (2) -0.010(5)
0.10 3.76 (1) -0.025(3)
1.70 3.79 (1) -0.038(3)
1.80 3.81 (1) -0.034(3)
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Figure 4.19: XRD pattern for the T/O phase (La; sPr,,CuO,y before and after reduction with 5%H, up

to 300 °C

Thermo gravimetric analysis data in figure 4.17 show orthorhombic phase (La; gPro,CuO, and

Ndo_lLa1.7Pr0.2CUO4) and tetragonal T phase (Nd1,8Pr0,2CUO4 and Nd1.7La0.1Pr0.2CUO4) have Sllght

different reduction behaviour. Orthorhombic phase shows stability up to ca 370 °C before

starting the reduction step, but XRD patterns obtained for the orthorhombic phase (T/O) and

T phase after the reduction with 5% H, up to 300 °C indicate that T" phase remains the

same phase after the low temperature reduction while the orthorhombic phase changes its

crystal structure . Therefore T’

is much stable than the orthorhombic phase at reducing
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atmosphere at low temperatures (below to 300 °C). This could be an important property for

low temperature anode side applications.

4.2.3 Electrical characterisation

Electrical characterisation of lanthanum-doped neodymium praseodymium copper oxide
(Nd, g4La,Pro,Cu0,) with respect to lanthanum content, temperature and oxygen partial
pressure was performed for the phase compositions (La=0.0,0.1,0.2,0.3,1.7 and 1.8) to
determine which composition has the maximum conductivity and whether this remains so at
different temperatures. As shown in figure 4.20 conductivities were measured against
temperature using four compositions for T* phase (where x=0.0, 0.1, 0.2 and 0.3) and two
compositions of orthorhombic T phase (x=1.7 and 1.8). T" phase is remain all over the
temperature, but room temperature orthorhombic phase change to T phase at high
temperature, therefore this phase is denoted as T/O phases in figure 4.20. The conductivity
data also shows that the orthorhombic compositions have a significantly lower conductivity
than the T” phase. In order to see clearly, orthorhombic phase’s conductivities were plotted

again in separate figure in 4.21.
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Table 4.3: NLPCO conductivity in air

Composition Conductivity Scm-1 | Conductivity Scm-1 | Conductivity Scm-1
X (At 700 °C) (At 800 °C) (At 900 °C)
0.0 28.3 38.0 54.0
0.1 42.9 57.9 80.7
0.2 45.1 61.1 90.1
0.3 36.8 52.7 71.2
1.7 8.00 7.97 8.65
1.8 9.68 9.55 9.44
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Figure 4.22: Log pO, vs conductivity for Nd; gxLa,Pr,,CuQ, for single phase compositions
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These data were measured after approximately the same conditioning protocol for all the tests
and suggest that a maximum conductivity may exist around a dopant level is around 0.2.
Further increasing the dopant level leads to decrease the conductivity (x=0.3). Interesting
property of this material is that the electrical properties can be improved with the small
concentration of lanthanum. The conductivity data also shows that the orthorhombic
compositions have a significantly lower conductivity than the T phase. Figure 4.20 shows
that the material behaves as a pure semiconductor up to x=0.3 while heavily lanthanum doped
samples (Figure 4.21) show both semiconducting and metallic behaviour with the transition
to the latter at temperatures above 600 °C, although another, less distinct transition may also
occur around 300°C. La,CuO, was observed to show metallic behaviour and slight anomaly
in the conductivity was noted at around 310 °C (132) while Nd,CuO, is semiconducting. An
orthrombic to tetragonal transition was reported for La,CuO, at about 533 K (133).
Semiconductor to metallic transition was obtained for La; gPry,CuO,4 around for 600 K. This

probably due to phase transition from orthrombic to tetragonal .

The conductivity with respect to oxygen partial pressure shows an increase in conductivity
with decreasing p(O;) for low La level single phase compositions, which indicates that this
material is a n-type semiconductor. Pr stays in the system as +4 and introduces electrons to
the system. However the orthorhombic LajgPro,CuO4 shows p-type behaviour with
conductivity decreasing as p(O,) also decreases. In both materials, conductivity has been
found to drop dramatically as the oxygen partial pressure below around 10 atmospheres.

2+/1+

This has been attributed to reduction on the Cu cation to Cu® with the decomposition of

the phase structure and the exsolution of metallic copper.
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4.2.4 Magnetisation measurements

Magnetic properties were investigated for T° and O phases using compositions
Nd1 gPro2CuO4 and Laj gPro2CuQy4 respectively. SQUID measures the magnetic flux through
a sense coil due to the sample magnetic moment. The magnetic behaviour was investigated

measuring the magnetization versus temperature and magnetic field.

Fig. 2A and 2B show the field-cooled (FC) and zerofield- cooled (ZFC) magnetisation vs.
temperature for different compositions of Nd g.yLayPro.CuOs (A and B are where La =1.8
and 0.0 respectively) measured with an applied field of H = 500 Oe. Zero field measurements

also carried out at temperature down to 5K.
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Figure 4. 23: (A): FC and ZFC Magnetization versus temperature For La; gPry,CuO,4 (B) FC and

ZFC Magnetization versus temperature for Nd; gPry,CuQ4
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Figure 4.23 (A) shows the temperature dependence of the dc magnetization in ZFC and FC
conditions for orthorhombic phase of Laj gPro,CuO,4 composition and ZFC curve shows a low
temperature antiferromagnetic type transition at 16 K. In order to understand this magnetic
behaviour, magnetization vs field was plotted (figure 4.24). It shows weak hysteresis which is

good indicative of antiferromagnetism.
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Figure 4.24: Magnetization versus magnetic field at 5 K for La; gPry,CuQ,

The tetragonal T phase of Nd; gPro,CuO, showed paramagnetic magnetic behaviour (figure
4.23 B). Luke et al firstly proposed the magnetic phase diagram of the electron-doped system
Nd2xCexCuO,4 (NCCO) [134]. In this phase diagram T, gradually decreases upon electron
doping and at 0.15 Ce concentration antiferromagnetic ordering suddenly disappears and the
optimum superconductivity (Tc around 25K) appears. In this study we were unable to see any
superconducting property for the NdigPro2CuQ,4 (T° phase) and La; gPro,CuO,4 (O phase)

systems.
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4.3 Conclusions

General material characterization for Nd,x.yLaxPryCuO4 was done using X-ray diffraction,
magnetization, thermogravimetric analysis and conductivity measurements. The Ndjg
xLaxPro2CuQ, system was studied varying the La level (0<x<1.8) compositions and then
characterised using high temperature X-ray powder diffraction. From analysis of the XRD
patterns obtained at room temperature there were clearly five distinguishable regions for the
Nd1 g.xLaxPro2,CuO4 system with three single phases (T°, T and O). They are, (1)
monophasic T~ solid—solution for 0.0<x<0.8; (2) two phase mixture T" + T~ for 0.8 < x <
1.4; (3) monophasic T "solid—solution for 1.4 < x < 1.5; (4) two phase mixture T"" +O for 1.5

<x < 1.6; and (5) monophasic O-phase solid—solution for 1.6 <x < 1.8.

A new tetragonal symmetry phase, T"", was found similar to the well-known T~ type structure
which has slightly larger a and c¢ axes. This phase coexists with T" phase for 0.8<x<1.4 and
occurs as a very narrow solid solution at 1.4<x<1.5. T structure is strongly dependent on the

firing temperature. In order to form T*" phase it has to be fired above 900 'C.

The T  phase was stable up to 1000 °C without any compositional separation or phase
transition for compositions 0.0<x<0.8. A tetragonal (T) to orthorhombic phase transition
occured at ~523 K for the composition 1.6 < x < 1.8. Replacement of a greater amount of
the smaller Nd*® by larger La** increased the bond length mismatch for the T phase , which
will lead to changes in ¢ axis oxygen replacing the rock salt layer in the place of fluorite
layer. T phase exhibited a narrow homogeneity range near x =1.45. This T ™~ can be
considered as a non transformable metastable structure. Interestingly non transformable T™"
was formed from quenching of T phase. O is an orthorhombically distorted variant of the T-
phase. For the composition Ndg3sLaj 45Pro2,CuO4 with significant Nd content, the T phase

exists at high temperature then transforms via the O phase to the T~ phase at low
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temperatures. After prolonged annealing at e.g. 850°C the T™" phase does not appear on
cooling as the the T phases undergoes a spinodal decomposition into lower and higher Nd
content T" and T/O phases. Even though T" and T have similar XRD patterns, the high
temperature phase transition behaviour of T"" was more similar to T/O phase. Replacement
of Nd** by sufficient larger La*in  Nd,.xyLaxPro2CuO, relieves the mismatch along the
series by forming T structure; however, the stain in this T phase cannot be sustained to lower
temperature resulting in the non-transformable metastable T*" phase. On adding sufficient La
the T/O phase become fully stabilised. Magnetic measurements indicated that paramagnetic
behaviour is obtained for T* phase while antiferromagnetic behaviour is obtained for T phase.
Dc conductivity measurements indicate tetragonal phase follows n-type semiconductor
behaviour and will increase the conductivity using small concentration of Lanthanum (up to
x= 0.2). Orthorhombic phase shows p-type metallic behaviour while having low

conductivities.
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Chapter five -T"" non-transformable phase from quenching of La,CuQ,
(T) type structures

5.0 Introduction

Apart from T~ and T phases, a new phase called T"" has been reported for the Nd,CuO,-
La,CuO4 system where x = 1.5 in NdoxLaxCuOasss Which has a similar X-ray diffraction
pattern to T with slightly larger a and c¢ parameters than the T~ phase. It has been suggested
that, in accord with its stoichiometry, T"" contains a unique cation ordering which is roughly
3(Ln):1(Ln") in Ln-O layer and interlayer ordering at the LnsLn' composition and it has been
claimed as an equilibrium phase (76, 77, 91). Hypotheses and suggestions on this T"" phase in
literature vary and have not been confirmed. Therefore we have explored this system in detail
with temperature dependent X-ray diffraction, SAED, neutron diffraction and conductivity

measurements.

5.1 Methods used

The T phase was synthesised for the Ndgssla; 45Pro2CuQg4.5 composition by solid state
reaction. Hygroscopic powders (Nd;Os, PrgOi;, LayO3) were dried for 30 minutes at
temperatures up to 900 'C. Stoichiometric amounts of Nd,Os; (Alfa-Aeser 99.9%), Pr¢Oy;
(Alfa-Aeser 99.9%), CuO (Aldrich 99+ %) and La,O3; (Aldrich 99.99%) were then weighed
and ground in acetone. These mixtures were then dried and calcined in air at 850 °C for 36
hours. Following this powders were reground using the planetary ball mill and the heat

treatment (850 °C for 36 hours) repeated. The sample was reheated at 950 °C for 24 hours.

In-situ X-ray diffraction analysis of powders were collected at room temperature on a Bruker
axs D8 advance diffractometer equipped with a solX energy dispersive detector in the 10-90°

range with a step of 0.02° and accounting time of 25 s per step (CuKo = 1.5406 A). The high
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temperature diffraction data were collected in the 10-90° range, with a step of 0.0148°and a
counting time of 1.5 s per step, on a Bruker axs D8 advance diffractometer equipped with a
high temperature Anton Paar HTK 1200N chamber and a one dimensional X-ray detector
VANTEC-1 (CuKa = 1.5406 A). FULLPROF software (123) was used to perform least

square refinement of the lattice parameters of the samples.

High resolution and high intensity time-of-flight neutron powder diffraction (NPD) data were
collected using GEM diffractometer at the ISIS spallation source at Rutherford Appleton
laboratory, UK. The sample (ca. 5 g) was loaded into a thin-walled, cylindrical vanadium can
and placed in the sample chamber in ambient conditions. The diffraction data sets were

analysed using the Rietveld method (121,122) in GSAS package (124).

Selected area electron diffraction patterns were collected in different orientations on a Jeol
JEM-2011 electron microscope operated at 200 KV. The powder sample was ground using a
mortar and pestle, and suspended in acetone. One drop of suspension was deposited on a

copper grid with a holey carbon film.

Thermogravimetric analysis was carried out on a NETZSCH TG 209 instrument to evaluate
the oxygen content (from weight loss) at different temperatures in air and to compare with
neutron diffraction results. The initial weight of the sample was about 20 mg. The effect of
buoyancy was corrected using empty crucible blank runs under corresponding gas
atmosphere and flow rates. The samples were heated up to 1000 ‘C in the TG furnace at a
heating rate of 5 °C min™ in air and under flowing 5% Hydrogen/95% Argon (Flow rate:
30ml/min). The excess/deficiency of oxygen (+8) was calculated from the detected mass

change.

Electrical properties were measured using small circular pellets. Powders were uniaxially

pressed using a pressure of 120 MPa. The pellets had a diameter of 13 mm with a thickness
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of 1-2 mm and were fired in air for 10 hours at 850 'C. In-situ conductivity was measured

using a four point DC technique from 900 C to room temperature in air using Van der Pauw

technique (125,126).

5.2 Results and Discussion

T phase formation was explored for the composition Ndg ssLaj 45 Pro,CuO4. XRD data were

obtained on cooling from 1000 °C. These in situ X-ray diffraction studies indicate that T™

phase form via orthorhombically distorted variant (O) of the T-phase (figure 5.1).
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Figure 5.1: In-situ XRD pattern for T"" phase at different temperatures where x = 1.45 composition
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The T* has tetragonal symmetry similar to the well-known T~ type structure, it has slightly
larger a and ¢ axes and c/a ratio compared to T". For the composition NdgssLa; 45Pro2CuQ,
with significant Nd content, the T phase exists at high temperature then transforms to a
metastable T"" phase at low temperatures (ca 200 °C). This final transition is accompanied
by a very large change in unit cell shape, as indicated by the large difference in c/a between T
and T" phases (Figure2). On changing from T-type to T "-type volume increases by 5%, a
increases by 5%, ¢ decreases by 5% and c/a ratio decreases by 10%. Not surpringly, ceramic
pellets going through the T to T™" transition transform to fine powders, typically with 15

minutes of cooling to room temperature (figure 5.4).
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Figure 5.2: Variation of lattice parameters a (a), lattice parameter c (b), c/a ratio (c) and volume v (d)

with temperature for Ndg ssLay 45 Pro,CuOy4
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t=0 min t=10 min =15 min =20 min =25 min

Figure 5.3: Images of 850 °C annealed Ndg3sL.a; 45 Pro,CuO, pellet with time

t=0 min =10 min t=15 min =20 min =25 min

Figure 5.4: Images of 950 °C fired NdgssL.a; 45 Pro ,CuQ, pellet with time

Figure 5.5: SEM image of the fine powder which was obtained of from a dense
pellet of NdqasLa; 4sPro,CuQy after firing at 950 "C for 10 hours and cooling to

room temperature
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After prolonged annealing at lower temperature (e.g. 850 °C, 600 °C ) the T phase does not
appear on cooling as the T phases undergoes a spinodal decomposition into higher and lower
Nd content T" and T /O phases (figure 5.6). Therefore the T~ phase only forms on relatively
fast cooling, which does not allow the necessary diffusion of ions and the compositional
adjustment required for the low temperature equilibrium phases to form. Therefore high
temperature T phase undergoes a diffusionless transition to the metastable T"" phase. This is
reminiscent of the metastable t” phase often reported in in the yttria stabilized zirconia system
(135). It depends on the grain size, cooling rate and content of the Y,03 (136). Similar to the
t" phase in the yttria stabilized zirconia system, the T"" phase has no place on the equilibrium
phase diagram. On annealing any rapidly cooled sample at lower temperature the equilibrium

spinodal product phases (T" and T/O) will be formed.

Intensity (arb.unit)

850 °C annealed Nd 5sLa; 45 Pry,Cu0,

950 °C fired Nd, 55La; 45 Pry,CuO,

Figure 5.6: Comparison of XRD graphs at 950 °C fired sample and 850°C annealed samples for the

composition Ndg ssLa 45Pro,CuO,

The T phase has only been obtained in a very narrow region where 1.4< x<1.5 for this

Nd; gxLaxProCuO,4 system. For higher La content the T phase is stabilised to room
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temperature (although as its orthorhombically distorted variant). For lower La content the T
phase is stabilised to room temperature. The observed T"~ phase must have a lower energy

than the corresponding T phase, but the T™" phase is still metastable at room temperature.

The symmetry of the two phases T and T~ are similar, both can be represented by the space
group l4/mmm, but crystallographically these two tetragonal phases are different. The
structure of the T~ phase has been investigated by neutron diffraction (Figure 5.7) and
electron diffraction (Figure 5. 8) studies. These show the typical patterns for the 4
coordinated Cu tetragonal 14/mmm phase but have larger a and ¢ axes compared to the T~

phase. From the NPD studies, oxygen deficiency is calculated (6= 0.03).
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Figure 5.7: Rietveld refinement profile of T"" at room temperature in the 14/mmm space group.

Observed (plus sign), calculated (continuous line) and Bragg reflections (vertical lines) are shown
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Table 5.1: Refined structural parameters of Ndg ss5La; 45 Pro ,CuQ,4 at room temperature (295K)

Chemical cell: s.g. 14/mmm, a = b = 4.0065(1)A, ¢ = 12.5255(5)A. R, = 6.5%, Rup = 4.34%,

¥?=1.73.

Atom  Positions X y VA B (A)° Occupancy
La 4e 0.00 0.00 0.3520(1) 0.32(4) 1.45

Nd 4e 0.00 0.00 0.3520(1) 0.32(4) 0.35

Pr 4e 0.00 0.00 0.3520(1) 0.32(4) 0.2

Cu 2a 0.00 0.00 0.00 0.58(6) 1.0

O(1) 4c 0.00 0.50 0.00 1.02(6) 1.992
O(2) 4d 0.00 0.50 0.25 0.84(5) 1.978

T and T * phases have different atomic positions (Table 5.2, Table 5.3). The rapid
transformation from T to T is associated with a displacement of oxygen atoms in the c
direction, with a corresponding change in lattice parameters. The figure 5.9 shows the

interstitial oxygen changes during T to T~ phase transition along the z direction.

158



Figure 5.8: Schematic 3D diagram of Ndg 3sLa; 45 Pro,CuO, at 400 °C (a) and room temperature(b)

Table 5.2: Atomic positions for T phase

Table 5.3: Atomic positions for T phase

Atom z Atom X y z

Ln 0 0.3606(1) Ln 0 0 0.3520(1)
Cu 0 0 Cu 0 0 0

01 0.5 0 01 0 0.5 0

02 0 0.1828(1) 02 0 0.5 0.25
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Figure 5.9: Schematic diagram of interstitial oxygen change during T to T~ transition. Figure has

been drawn along the z direction

Oxygen moves along both y and z directions (y=0.0 to 0.5 and z=0.1828 to 0.25) when it
transform to T to T phase and figure 5.9 showed only oxygen movement along the z
direction. The main strategy of the neutron diffraction was to refine the oxygen positions. For
the refinement of neutron diffraction pattern of T*" phase, different oxygen positions (T'- 4
fold Cu, T- 6 fold Cu and finally T* - 5 fold Cu) were used, but refinement is only possible
when it is 4 fold similar to T".

Therefore when it transforms from T to T~ Cu coordination changes from 6 to 4. That means
that octahedral oxygen will move well away from the apical position leading to formation of

fluorite type layers in  Ln-O layers.

T phase occurs at very narrow compositional range ( Ndg ssLa; 45 Pro,CuQ,4) where larger

cation (La) : smaller cation (Pr or Nd) is nearly 3:1. Manthiram and Goodenough (76, 77, 91)
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proposed that T~ phase may have unique cation ordering in the Ln-O layer and interlayer
ordering at the LnzLn" composition. In order to see any LasPr(Nd) interlayer ordering, SAED
was studied, but any superstructure or specific cation ordering for this T phase wasn’t

found.

(b)

Figure 5.10: SAED patterns for T phase at room temperature viewed down the 331 (a) and 010 (b)

SAED patterns are in agreement with the NPD studies. Figure 5.10(a-b) shows a typical
SAED pattern of the 4 coordinated tetragonal phase viewed down from two different
directions 331 and 010. The phase is indexed according to the cell parameters from the d-
spacings of the pattern and angle between each plane. The oxygen content of all the T"" phase
was also determineded by thermogravimetric analysis (figure 5.11). There is no significant
mass change in the TGA under air, as the oxygen content doesn’t change significantly T to

T phase. In order to calculate the 6 values thermogravimetric analysis under 5% hydrogen /
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95% argon heating up to 1000 ‘C were carried out. TGA with reduction in two steps. Copper
is reduced via Cu(l) to Cu®. Final XRD diffraction studies also confirmed that Cu(ll) was
reduced to metallic copper. Again a 6 = 0.030(8) (Ndo3ssLasssPro2CuOs97) value was

obtained from detected mass loss which agrees with neutron diffraction studies.

5% H,/ 95% Ar
101 5 — Air

100

99 +

98

Mass change (%)

97

96

T T T T T T T T T
200 400 600 800 1000

Temperature (°C)

Figure 5.11: Thermogravimetric analysis under air and 5% hydrogen/95% argon heating up to
1000 'C
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Figure 5.12: DC conductivity measurements for Ndg ssLa; 45 Pro,CuQ,

In-situ conductivity measurements were carried out for this composition (figure 5.12) above
200°C. NdpassLaiss Proo,CuO4 shows metallic behaviour at higher temperatures with
semiconductor to metallic transition at 360°C, although this also relates to T to O phase
transition. Ceramic pellets going through O to T™" transition transform to fine powder around
200°C. Therefore to avoid this transition the pellet was taken out from the jig at 220°C.
Compared to La rich compositions, Ndg 3sLay 45 Pro ,CuO4 composition (with the phases T'+O
at room temperature) is more conductive (3 Scm™) at room temperature, the highest
conductivity (19.7 Scm™) is reached around 360°C. This behaviour is similar to the undoped
p-type T phase (La,CuQ,). But for the higher Nd containing compositions, T phase is more

conductive compared to the higher La containing T phase.
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5.3 Conclusions

The T°” form has previously been suggested as an ordered form of T"; however here we show
via high temperature X-ray diffraction studies that it is a non-transformable metastable phase
formed on quenching of the T phase via an orthorhombically distorted variant. Although
Ndo.35La1.45Pro2CuQ397 has a high Nd content, which would tend to stabilise T" formation, it
exists as pure T phase at high temperature. This then transforms to T"" on cooling to low
temperatures (ca 200 °C). This final transition is accompanied by a very large change in unit
cell parameters, resulting from the large difference in c/a ratio between T and T™" phase. The
T phase has tetragonal symmetry and is very similar to the T type structure but with quite
different unit cell parameters. Due to significant volume change upon cooling, the sintered
ceramic pellet of the T~ phase transforms into fine powder (ca 5 microns) within few

minutes at room temperature due to this phase transition (O to T™).

Rietveld refinement profile of NPD and SAED data confirm that T™" contains 4-fold Cu
coordination. Neutron diffraction and thermogravimetric analysis measurements show that

oxygen deficient (8 )in T"" is about 0.03.
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Chapter 6- Conclusions

Current SOFC cathode materials have advantages as well as disadvantages as described in
section 1.2, to investigate new materials and to optimize current materials is always key issue
to enhance the efficiency of SOFC. Therefore the major target of this project was to
investigate the performance of cuprate based material as a SOFC candidate. Especially with
the n-type based material as a SOFC cathode to enhance the performance in mild oxygen
deficiency. Therefore Nd,.xPrCuO,4 were prepared with the dopant level x=015, 0.20 and
0.25 and then electrochemical performance were investigated. Summarising overall work in
this thesis, NPCO shows promising as a SOFC cathode material due to its high conductivity
(NPCO25 shows maximum conductivity 86.7 Scm™ at 900 °C), n-type behaviour (increasing
the conductivity with decreasing oxygen partial pressure) and stable in oxidising atmosphere.
In addition, it is compatible with current SOFC electrolyte materials (CGO and YSZ) as there
is no delaminating for the post tested pellet. Composite NPCO cathode showed better
performance compared to the pure NPCO cathode with low R, and low activation energies.
In addition to that NPCO was investigated as a current collecting material using pre-fired and
in situ-fired current collecting layers. Pre-fired current collecting layer showed overall better
performance (low R, and low activation energies) compared to in-situ current collecting
layer. Overall lower activation energy is obtained for NPCO is possibly due to its catalytic

activity for the oxygen reduction. This may presumably be due to Pr dual oxidation state.

Second part of this work was to introduce lanthanum in to NPCO system (distort the
structure) and investigate the electrochemical performance. Nineteen samples were prepared
(Ndax.yLayPryCuO4) with varying the La content with the increment of 0.1. Interestingly it
leads to construct the phase diagram of NLPCO. In-situ XRD was performed up to 1000 °C

for selected compositions to complete the phase diagram. As shown in Figure 4.16, two
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equilibrium phases (T" and O) can be seen at room temperature. Another new phase is
appearing where the La=1.45 which was previously identified as T"" in the literature. This
phase has similar XRD pattern to the T~ structure but with larger cell parameters (a and c).
Our results indicate that T*" phase is metastable and non transformable, because T"" phase
formed as a quenching of T phase. Annealed in low temperature for long time, this T phase
undergoes a spinoidal decomposition in to lower and higher Nd content T" and O phases.
This T phase has no place in equilibrium phase diagram due to its metastability. Reitveld
refinements of neutron diffraction data have proved that this T phase has four fold Cu

coordination similar to T phase.

Electrochemical performance and magnetic properties were investigated for the selected
composition of the NLPCO. Increasing a small La content into the system will increase the
conductivity while increasing higher La content lead to decrease the conductivity. T phase
shows n-type semiconductor behaviour while T phase shows p-type metallic behaviour.

Superconconducvity was not seen for the selected NLPCO compositions for T* and O phases

As a future work, in-situ neutron diffraction analysis for NdossLa; 45 Pro,CuO,4 will carry out to

understand the movement of oxygen from T to T"* phase with the temperature.
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