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ABSTRACT

Flame Assisted Vapour Deposition technique (FAVD) has been used to
fabricate thick cathode films for high temperature Solid Oxide Fuel Cells (SOFC)
operating at 700°C-850°C. The materials selection is based on the electrical

conductivity, chemical and thermal compatibilities of the systems.

The effects of the processing parameters on the deposited films have been
investigated such as the effects of deposition temperature, the flow rate of the
precursor solution, the distance between the spray nozzle and the substrate, and the
concentration and ratio of fuel in the precursor solution. The processing parameters
were modelled using a software package based on finite volume method. The

modelling results support the experimental observations.

The cathode material deposited in the investigation of FAVD technique was a
porous strontium doped lanthanum manganese oxide (La, xSryMnO; or LSM) film on
an 8mol% yttria stabilised zirconia (YSZ) electrolyte substrate. The
cathode/electrolyte system has been modified using a thin, dense interlayer between

an electrolyte and a cathode as follows:

gadolinium doped cerium oxide (CGO), and

yttrium doped cerium oxide (YDC).

These cathode/electrolyte systems with interlayer were characterised using
various techniques such as a Scanning Electron Microscopy, an AC-Impedance
Spectroscopy, a DC 4-point measurement (van der Pauw) and an X-Ray
Diffractrometry. Some systems were examined after annealing for 100 hours and
600 hours at 900°C in air to study the variation of an area specific resistivity (ASR)
of the cathode with time. An overall result has shown an improvement in using an
interlayer between the electrolyte and the cathode. This can enhance the use of a
strontium doped lanthanum cobalt oxide ((La, 3St,,C00; or LSC) which has a higher
electrical conductivity than the conventional LSM with YSZ electrolyte.
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SEM = Scanning Electron Microscopy
SOFC = Solid Oxide Fuel Cell

XRD = X-Ray Diffraction

YDC = Cerium-yttrium oxide

YSZ = Zirconium-yttrium oxide (8 mol%)
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Chapter 1 : PREFACE

There are many types of power generation systems which convert different
states of energy into electricity. Conventional systems of power generation are hydro
power, nuclear power, tidal power, wind power, and power from fossil fuel including
oil, natural gas etc. The efficiency of each system is fairly low, in both the
theoretical evaluations of the system itself, and the limitation in energy conversion.
Fossil fuel has its own problem of a renewal period of millions’ years. Most of them
cause pollution which then affects the environment. There has been great concern
over this problem for many years. For example, acid rain causes damage to forests,

monuments and buildings. ~ Wastes from the sites are generally harmful and
detrimental to ecological systems. There have been increasing difficulties with
nuclear power such as the radioactive leakage and radioactive wastes. Although
these power generators can produce low-cost electricity, the scale of production must
be large enough to cover the enormous fixed capital cost. Therefore it is not
economical to produce on a small scale. There have been many attempts to develop
more suitable energy conversion systems by either using solar energy operated in a

solar cell or an electrochemical reaction in a fuel cell.

A fuel cell is very similar to a vehicle’s battery in terms of energy conversion
theory. The energy conversion is based on the electrochemical reactions of
chemicals in the cell which are fuel and oxidant liquid or gas. Because of its finite
length of operation, a fuel cell becomes more interesting as it is operative as long as

the fuel and oxidant are constantly supplied to the system.

Fuel cells in general have many advantages over conventional power
generators. Its conversion efficiency is not subjected to the Carnot-cycle limitations
associated with heat engines[ 1 , 2]. The potential for co-generation is also high
enough to be applicable. In addition, it causes a much lower amount of pollution.
The modular construction can minimise the siting restrictions [ 2]. Among many
types of fuel cells, the solid oxide fuel cell (SOFC) performs with the highest overall
efficiency using fossil fuels along with the molten carbonate fuel cell (MCFC)

although, the SOFC is more flexible as it is suitable for small units as well as large
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scale plants. Nevertheless, some difficulties arise from the fabrication of the cell
components, materials selection and high operating temperature associated with
SOFC which have to be overcome before this technology becomes commercially

viable.

A novel method of Flame Assisted Vapour Deposition (FAVD) has been used
to deposit a porous cathode film for SOFCs in our research. This method has a
similar principle to conventional CVD in which a film is deposited from the vapour
phase. It is a cost effective method which yields a film of reasonable quality both in
terms of microstructure and electrical properties. The effect of processing
parameters on the microstructure and properties of deposited films has been
investigated for the deposition of La;xSrxMnO; films. Furthermore, some
processing parameters have been computationally modelled using the software
package FLUENT. The results obtained from this model have been used to support

the experimental results.

The cathode material used in this research is La;.xSrxMnQO; (LSM) and
8mol% Y,0; stabilised ZrO, (YSZ) is used as an electrolyte. Both of them are
generally used in the production of SOFC prototypes. The improvement in
performance of the LSM cathode has been obtained by modifying either the

microstructure or modifying the composition.

LSM is not the best electronic conductor at SOFC operating temperatures
(700°C — 850°C) as other materials such as La;.xSrxCoO; (LSC) which exhibits
higher conductivities by at least one order of magnitude. However, LSC is not
chemically and thermo-mechanically compatible with YSZ. To solve this problem,
an interlayer between these two components can be introduced. The materials of
interest as an interlayer are Gd;O; doped CeO, (CGO) and Y,03; doped CeO,. These
two selections have higher ionic conductivities than YSZ and the coefficients of

thermal expansion are in between LSC and YSZ.

In this thesis, the FAVD method has been used for the deposition of all films.
In Chapter 2, the background literature concerning all the work done have been

summarised. The deposition method and characterisation techniques are described in
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Chapter 3. The effect of processing parameters has been studied in the deposition of
LSM in Chapter 4 while the electrical conductivities and improvements of LSM have
been reported in Chapter 5. The observations and electrical conductivities of
cathodes with an interlayer have shown an interesting performance which is
described in Chapter 6. In Chapter 7, some processing parameters of FAVD method
have been modelled. The results obtained suggest the same trend as those from
experiments. The conclusions and future work are in Chapter 8 while all the
references in this thesis are listed in Chapter 9. Some detailed figures and data from

Chapter 6 and 7 are included in the appendix.
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Chapter 2 : LITERATURE REVIEW

Fuel cells in general have many advantages over conventional power
generators, such as their conversion efficiency not being subject to the Carnot-cycle
limitations associated with heat engines [1,2]. The potential for cogeneration is also
high enough to be practical. In addition, they cause much less pollution. Their
modular construction has minimal siting restrictions. Nevertheless, there are still
some difficulties with fabrication of fuel cell components, materials selection, and

the high operating temperatures employed.

2.1 BACKGROUND TO FUEL CELLS

A typical fuel cell consists of three main parts, which are:
CATHODE | ELECTROLYTE | ANODE.

The main principle of such a cell is that the fuel is oxidised at the anode and
oxygen is reduced at the cathode, therefore there are electrons circulating via the
external circuit. The type of fuel cell is classified by its electrolyte, type of charge
carrier and its operating conditions, as will be explained later. In general, five types
of fuel cell can be classified according to the type of electrolyte [1]. Their operating
temperatures vary from 60°C up to 1000°C, depending on the type of electrolyte and

the reactions involved.

2.1.1 CLASSIFICATION OF FUEL CELLS

(i)The Alkaline Fuel Cell (AFC)

This type of fuel cell was developed for the Apollo Lunar Module in the
1960's. This fuel cell uses an alkaline liquid as the electrolyte. Normally, liquid
potassium hydroxide is used with only pure oxygen and pure hydrogen gases as the

oxidant gas and fuel gas, respectively. The hydroxide ion is the charge carrier in this
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cell. The electrolyte is sensitive to contaminants and is degraded by even a small
amount of carbon dioxide to form potassium carbonate [1]. The operating

temperature range is between 60°C to 120°C.

(ii) The Phosphoric Acid Fuel Cell (PAFC)

This type of fuel cell uses phosphoric acid as the electrolyte. This system can
tolerate carbon dioxide and a small concentration of carbon monoxide, and uses the
same gases as the AFC. The operating temperature is slightly higher, about 200°C.
The hydronium ion is the charge carrier in this case. The corrosiveness of the acid

electrolyte is a major problem for PAFCs.

(iii) The Polymer Membrane Fuel Cell (PMFC)

PMFC uses hydrogen gas and oxygen gas as in the AFC and PAFC, but with
a solid polymer electrolyte. This system is less corrosive than the acid type because
the only liquid in this system is pure water. However, using pure hydrogen supply
is expensive and has a low energy density when stored. PMFCs are also expensive
because fabrication of the polymer membrane itself is costly. This type of fuel cell
is operated at very low temperature, not greater than 100°C. Therefore, it is of great
interest for the development of low temperature fuel cells for transport/electric

vehicle applications.

(iv) The Molten Carbonate Fuel Cell MCFC)

It uses a molten salt as the electrolyte and thus the corrosion of components is
a serious problem. This system is more flexible as it operates with air, and carbon
dioxide and hydrocarbons can be supplied to the anode as fuel. Generally, carbonate
salts are used as the electrolyte hence the conducting species is the carbonate ion.
The operating temperature is 650°C, which increases the severity of corrosion.
Although the cost of materials is high, this system is relatively cheap when used for

large-scale plants.
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(v) The Solid Oxide Fuel Cell (SOFC)

This SOFC uses air as the oxidant gas with methane or methanol as the fuel.

The electrolyte is a ceramic oxide. Two types of charge carriers have been used:

oxygen ions (02') and protons (H'). Carbon monoxide gas can be used as fuel in
oxygen ion conductor fuel cells but not in other types [2]. The type of electrolyte
used also determines on which side of the cell water is produced. Water is produced
on the oxidant side in proton conductor fuel cells, and on the fuel side in oxygen ion
conductor fuel cells. Proton conduction has been reported for hydrogen production
from steam electrolysis [3]. Only oxygen ion conductors are being considered for

use in SOFCs in this thesis.

Typically, oxygen ion conductors require high temperatures, 500°C-900°C,
to operate. Although the fabrication of components and the cost of materials for
SOFCs are more expensive than other types of power generation, other advantages
make them attractive, such as availability of fuel and materials, cost of fuel, and
their total conversion efficiency. Fig. 2.1 compares the efficiencies of each type of

fuel cell, showing that SOFCs have conversion efficiencies of up to 60%, the

highest of all fuel cells.
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Fig. 2.1 : Efficiencies of fuel cells [225].
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The type, power capacity and application of fuel cells which have been

commissioned are summarised in Table 2.1 below.

Table 2.1: Power capacity and applications of fuel cells [4].

Type Capacity Application
AFC 1.5 kW Apollo Programme
12 kW Space Shuttle Orbiter
PAFC 11 MW Power Plant
PMFC 1 kW Gemini Programme
200 kW Transport bus in Canada

MCFC 2 MW Power Plant
SOFC 100 kW Power Plant

Fig. 2.1 clearly shows that the efficiencies of the high temperature fuel cells,
MCFCs and SOFCs, are much higher than those operated at low temperatures. The
main reason is that the high operating temperature allows internal reforming of the
fuel. Hydrogen gas as a fuel is expensive and difficult to handle, therefore a
hydrocarbon fuel is used. Hydrocarbon fuels have to be reformed to hydrogen at
high temperature at around 600°C-700°C. High temperature fuel cells are able to
combine the reforming process together with the fuel cell operation, so that the
overall efficiency is enhanced to well over 50 %. The total efficiencies of the low

operating temperature fuel cells can never be greater than 35 - 40 %.

An MCFC system is cost effective only if operated as a large-scale plant,
whereas an SOFC system is more flexible that it can be used for a large-scale plant as

well as residential units and transport vehicles.

Westinghouse has developed a solid oxide fuel cell with a tubular cell design
which has been operated as a power unit of 100 kW capacity. The demonstration
unit has begun the operation in the Netherlands since March, 1998 [5]. Siemens has
produced a fuel cell stack based on a bipolar plate design that uses hydrogen and

oxygen to give a maximum power of 1.8 kW at a current density of 0.8 Alem®. A
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stack of fuel cell for a bi-polar plate design consists of number of single cell
(cathode/electrolyte/anode), connected in series with an interconnect in between
each cell. Reports are available concerning a 100 kW power plant [5] and the
application of SOFCs in electric vehicles [6]. The 100 kW plant is a combined heat
and power (CHP) unit that supplies electrical power and hot water with a maximum
operating efficiency of 47 % and uses natural gas as the fuel [5]. For electric
vehicles, the SOFC cell can attain an output of 10 kW, which is enough to power
passenger cars. It uses naphtha as fuel and is operated at 850°C-880°C. This car
actually uses a combined (or 'hybrid') system of SOFCs and secondary batteries.
The hybrid system provides an improvement in energy efficiency over the internal

combustion engine.

Fuels most commonly used nowadays are reformed hydrocarbons or alcohols
such as methane and methanol [4]. Methane and steam can be used directly in a
solid oxide fuel cell operating at high temperature. Methanol is more suitable for

use in applications such as electric vehicles.
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2.1.2 FUEL CELL EFFICIENCY

The efficiency of a fuel cell depends on many factors; the thermodynamic
efficiency, the voltage efficiency, the heating value efficiency, the current efficiency,

the fuel processor efficiency and the power conditioner efficiency [7].

(i) Thermodynamic efficiency

Assuming that the electrochemical reaction goes to completion, the Gibbs
free energy change, AG, is equivalent to the electrical energy. The maximum

thermodynamic efficiency, therefore, is:

AG
ér =m ----- (21)

where AG is the Gibbs free energy and AH is the enthalpy of the reaction.

(ii) Voltage efficiency

The voltage efficiency, &y, is the ratio of the operating cell voltage under

load, E, to the open-circuit voltage, E,, which is:

The polarization or overpotential, 1, may arise as a loss between the open-circuit
voltage and the expected reversible voltage. There are three types of polarization:
those due to charge transfer, diffusion, and ohmic losses. These losses are all

cumulative.

(a) Charge transfer polarization (n4)
The charge transfer polarization is the potential required to overcome the activation
energy of the electrochemical reactions. It is the potential necessary to reduce the
energy barrier so that the electrode reaction can proceed at a desirable rate. This

polarization is related to the adsorption of reactant onto the surface of the electrode,
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electron transfer, desorption of product and any steps in the reaction. At the high
operating temperatures in SOFCs, the charge transfer polarization is low as the
reaction rate is normally high.

(b) Diffusion polarization (np)
This loss is influenced by the mass transport effect of gases and/or species involved
in the reactions within the electrode. Mass transport is a function of temperature,
pressure, concentration and the physical properties of the system. The reactant gases
diffuse through the pores in an electrode, therefore, the structure of the electrode is
important.

(c) Ohmic polarization (nQ)
This is the overall resistance to conduction of ions through the electrolyte, electrons
through the electrodes and the current collectors, and across the interfaces between

cell components. It includes both ionic and electronic resistances.

(iii) Current efficiency
This is the efficiency in converting the reactants to the reaction products

which is defined as the ratio of the actual current produced, j, to the current available

from the complete electrochemical conversion of the fuel, jg.

s=L 23)
JF

This current efficiency is commonly known as “fuel utilization”.

(iv) Heating value efficiency

In the case of a fuel containing some impurities or combustibles, energy is
required to convert all the chemical energy involved into heat energy. This is defined
as the amount of heat energy available to generate electricity from the fuel species
per amount of heat energy required to convert all combustible species in the fuel

gases.
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(v) System efficiency

This is the efficiency in all the systems involved in a fuel cell including the
fuel processor, power conditioner, and by-product heat utilization. The by-product
heat is used to generate additional electricity in a gas turbine or steam turbine, and to
supply hot water and steam. The efficiency is then increased by putting this by-

product heat to use.

(vi) Overview of fuel cell efficiency

The overall efficiency of an SOFC stack can be improved by combining it
with other types of power generators. For high temperature SOFCs which are
operated at a temperature greater than 850°C, Westinghouse has developed a project
that combines an SOFC with a gas turbine. The exhaust gases from the SOFC at
high temperature can be used in the gas turbine. Hence, efficiencies of up to 70 %

can be reached.

For low temperature SOFCs (operating temperature in the range 600°C-
700°C), a Combined Heat and Power (CHP) system is more favourable. In other
words, CHP or co-generation utilises the used gases at high temperature for heating
purposes such as boiling hot water. The target of this low temperature SOFC is use
in a small unit building or for transport. As the operating temperature is low, a
stainless steel bipolar plate can be used as the interconnect material instead of a

doped LaCrO;.
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2.2 SOLID OXIDE FUEL CELLS

The reactions taking place in a fuel cell are mainly electrochemical reactions
of an oxidant gas (air or O,) being reduced at the cathode and fuel gases (H, and
CO) being oxidised at the anode. Therefore, oxygen ions are generated at the
cathode and accepted at the anode. The accumulated electrons are transported via
the external circuit to maintain charge balance.

The reaction at cathode is:

10,+2e 50" — 21
and at anode, the reaction is:
H, +O"->H,0+2~ e 2.2
The overall reaction is:
H,+i0,>H0O0 2.3

A schematic of a single cell and the various reactions involved is shown in Fig. 2.2.

Fuel
H,, CO
Anode 20 +CO +H, - CO, + H,0 +4¢
Electrolyte O e
Cathode 0,+4e > 20
0}
Air

Fig. 2.2 : Schematic diagram of a solid oxide fuel cell.

At the interface between the anode and the electrolyte, oxygen ions react with

hydrogen gas to form water and provide electrons as in reaction 2.2.
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2.2.1 COMPONENTS OF A SOLID OXIDE FUEL CELL

There are four main components in a fuel cell : an electrolyte, an anode, a
cathode and an interconnect. Each component must be compatible with the others in
terms of chemistry, morphology, phase and dimensions which will be explained for
individual components in more detail below [2]. Another important property is the
compatibility of their coefficients of thermal expansion at high temperatures. All
components must have similar coefficient values to prevent cracking during
fabrication and operation [2]. Further requirements that depend on the function of

each component are described below.

The four main components of a fuel cell are described briefly, followed by
detailed descriptions of electrolytes and cathodes in a later session since the aim of
this research is to investigate and develop a cathode material for an SOFC. In a later
chapter, an interlayer consisting of an electrolyte in combination with a cathode is
described with improved electrochemical properties of the cathode/electrolyte

interface.

2.2.1.1 Electrolyte Materials

The principal properties of electrolytes are high ionic conductivity, phase
stability from room temperature to ~1100°C, chemical compatibility with electrodes
and interconnect materials in both oxygen and fuel gas atmospheres, and gas
tightness. Consequently, the microstructure of an electrolyte must be fully dense.
The mechanical property mostly desired is high fracture toughness [8].

Yttria stabilised zirconia (YSZ) is the most commonly used electrolyte for
application in a solid oxide fuel cell. However, other oxides are of interest such as
doped ceria (CeO,), doped bismuth oxide (Bi,0s), lanthanum gallate (LaGaO;), and
other conducting oxides [7]. Doped bismuth oxide is a very good ionic conductor;
however, it is severely degraded under reducing atmosphere. Lanthanum gallate has
higher ionic conductivity than doped ceria and doped zirconia at SOFC operating
temperature [9]. It is also stable in a reducing atmosphere down to an oxygen partial
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pressure of 102 atm. The coefficient of thermal expansion matches that of
Lag g4Srg ;sMnO; [10]). Electrolyte materials such as YSZ and doped ceria are

discussed in more detail in the next section.

2.2.1.2 Electrode materials

The principal properties necessary for the electrodes are good electrocatalytic
behaviour, compatibility with the connected ceramic electrolyte, high electrical
conductivity and low cost [11]. In addition, high catalytic activity is required for
oxygen reduction at the cathode and for fuel oxidation at the anode [8]. Electrode
materials must be sufficiently porous to provide large reactive surface area and be

able to be formed into films with good adherence to the electrolyte [8].

(i) Anodes

These must be chemically stable under the reducing conditions in the fuel-
containing atmosphere [8]. This property limits the material used to selected metals
(eg. nickel and cobalt) and stable oxides. Nickel is commonly used because of its
low cost. There are some problems for application at high temperatures, such as the
thermal expansion coefficient mismatch (compared with the YSZ electrolyte) and
the porous structure. Nickel has a much higher coefficient of thermal expansion
than YSZ. This problem is overcome by dispersing YSZ into the nickel metal to
form a Ni-YSZ cermet. The YSZ added brings down the thermal expansion
coefficient value of pure nickel close to that of the YSZ electrolyte while
maintaining a porous structure at high temperatures. Ni-ZrO) cermet has been used

since the 1960's but was later replaced by CeOy based materials for intermediate
temperature SOFCs [11]. Mixed-conducting oxides based on Y203-ZrO7-TiOp

solid solutions have been investigated [12].
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(ii) Cathodes

Cathodes are required to be stable under oxidising atmospheres. Only noble
metals (Pt, Au and Ag) and electronically conducting metal oxides can be
considered [8]. The noble metals are not practically suitable owing to their high
cost. In addition, these metals tend to vapourise during long term operation.

Doped lanthanum manganite (La;.xSrxMnOj3) and doped lanthanum cobaltite
(LaCo0,) are typically considered for this application. At an operating temperature
of 700°C and with CeO, based electrolytes, Lay¢Sro4Fep3C0,03 is an effective
cathode material [11].

2.2.1.3 Interconnect materials

Interconnects are used to combine single cells into a multi-cell stack by
connecting the anode of one cell to the cathode of the next cell [8]. The properties
required are high electronic conductivity but negligible ionic conductivity.
Moreover, the material should have high mechanical strength, physical and
electrochemical gas tightness and good adherence to the electrode materials. This
material must be stable over a wide range of oxygen partial pressures. Perovskite
type ceramics based on LaCrO; are the most suitable materials because of their
refractoriness [2,8,11], in addition to meeting the other requirements for the
interconnection component. This perovskite material is stable in the atmospheres

experienced by an interconnect in an SOFC at 1000°C.

Recently, Siemens have attempted to use a flat metal separator plate for the
interconnect [13]. The metal alloy used was Cr-5Fe-1Y,0; at an operating
temperature of 750°C-950°C. This alloy has a higher electronic conductivity than
LaCrO;. Both materials have coefficients of thermal expansion compatible with that
of YSZ. For intermediate temperature fuel cells (500°C-750°C), ferritic stainless
steel is a good candidate for an interconnect material. The coefficient of thermal

expansion matches that of gadolinia-doped ceria.
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2.2.2 SOLID OXIDE FUEL CELL DESIGNS

There are many designs of solid oxide fuel cell which each offers various
advantages and disadvantages. The two most common designs are the tubular form
and the flat plate form. The tubular design can be further divided into two slightly
different design concepts. These are :

- Sealless Tubular

- Segmented Cell in Series.

The flat plate form is based on stacking of cells in layers of flat plates, offers
improved performance and higher power density relative to the tubular design. Flat
plate type designs can be divided into two broad groups:

- Monolithic

- Bipolar Plate.

All designs are based on the same concept of optimising electrochemical
reaction per unit volume. The designs and performances of each of them are

summarised below.

2.2.2.1 Sealless Tubular Design

This design was developed by Westinghouse in 1984 [14]. It is the most
advanced among several SOFC configuration concepts. It needs a closed-one-end
Air Electrode Support (AES*)‘:‘i.n which layers of electrolyte, fuel electrode (anode)
and interconnect have been coated. Air flows inside the tube while the fuel flows
outside as in Fig. 2.3. Each cell is then connected electrically together in series and

parallel to form a unit of power generation [2].
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Fig. 2.3: Sealless tubular design [15]

With this sealless design, the problems of forming gas tight seals between
ceramic components at high temperature have been overcome as one tube consists
of one cell. Thermal expansion mismatch between components can be compensated

for within each cell. This reduces the likelihood of cracking.

2.2.2.2 Segmented-Cell-in-Series Design
This cell has either a bell-and-spigot configuration or a rounded cell

configuration as shown in Fig. 2.4. Fuel flows inside the tube while the oxidant air
flows on the outside of the tube. The bell-and-spigot type still needs a porous
support, on which is deposited an anode layer, followed by the electrolyte and the
cathode. The rounded cell type has the same layer configuration but with a self-
supported electrolyte. The interconnect joins the cathode and the electrolyte of one

cell with the anode and electrolyte of another cell.
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Fig. 2.4: The segmented-cell-in-series design [16].

Cells of this design are connected in series. This results in a higher stack
efficiency than a single cell of the same size due to less power wastage from
resistance losses because the first cell in series has a higher output voltage. Gas tight
seals are needed as the fuel and oxidant must be separated. The thick support tube

may hinder gas transport and therefore performance.

2.2.2.3 Monolithic Design

The geometry of the monolithic design offers an increase in the active
surface-to-volume ratio of the fuel cell. The surface-to-volume ratio is increased by
up to nearly six times compared to that of the parallel tube fuel cell [17]. There are
two possible configurations with this design; the coflow and the crossflow
configurations (Fig. 2.5).

The coflow configuration consists of a stack of anode/electrolyte/cathode
units joined by interconnects. The flow of fuel and flow of oxidant are in the same
direction and parallel. The crossflow configuration is a slightly different
modification although it consists of the same stacks of anode/electrolyte/cathode and

mterconnect. The fuel and oxidant flow perpendicular to each other.
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Fig. 2.5:The monolithic design (a) coflow and (b) crossflow configurations [2].

Since the cell size is small and the surface area is high, the power density is
high. The difficulty in this design is its fabrication. Cracking is mainly due to
thermal expansion coefficient mismatch. Studies showed that even a small
difference in the coefficients of thermal expansion of different layers can result in
large stresses and cause cracking parallel to the plane of the layers [18]. The
performance of multi-cell stacks of this design is inferior to the performance of a
single cell [19].

2.2.2.4 Bipolar Plate Design

In this design, the gases flow perpendicular to each other as in the crossflow
configuration of the monolithic design. However, the cell consists of layers of
anode/electrolyte/cathode and interconnect to form a thin flat plate while the
interconnect contains channels for the gas to flow through (Fig. 2.6). The
interconnect in this design connects the cathode of one cell to the anode of the next
cell. This design permits a simple series connection between cells without the need
for external cell interconnects as in the tubular design [4]. Most electrolytes used in
this design are deposited as relatively thick layers so as to be self-supporting.
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(a)

(b)

Fig. 2.6: (a) The bipolar plate design [2] and (b) stacking of cells [20].

The flat plate design results in better performance over the tubular design due
to lower internal resistance losses. In terms of fabrication, this design is less
complicated than others which require masking at high temperature and complex
shapes. Flat plates of cathode/electrolyte/anode are separated by a bipolar plate
which is fabricated separately and added to the cell during stacking. The cell sealing
is proven to be difficult for this configuration whereas the sealless tubular design
configuration can overcome this problem. Fabrication is a major problem of this
design in terms of cost and difficulties in forming large-scale units. In addition,

materials selection is also another problem.
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2.3 ELECTROLYTES

The ionic conductors which are mostly considered for use as the electrolyte
t
in SOFCs, are doped ZrO,, and doped CeO,. These materials sre ued:diﬁ'erent

operating temperatures.

2.3.1 ZrO, BASED ELECTROLYTES

SOFCs containing these electrolytes in association with special metallic or
cermet interconnect bi-polar plate materials have been operated at 700-900°C [11].
ZrO, based electrolytes are used widely because they have an adequate level of
oxygen ion conductivity as well as stability in both oxidising and reducing

atmospheres [2].

Pure ZrO, undergoes phase transformations at high temperatures. The
crystal structure transforms from monoclinic to tetragonal and tetragonal to cubic
with increasing temperature. With the addition of certain oxides, the high
temperature, high symmetry forms of ZrO, can be stabilised down to room
temperature. For electrolyte applications, the cubic fluorite structure is preferred
because this gives the highest ionic conductivity, but:relatively high concentration of
dopant e.g. 8 mol % Y,0, is required. The most common stabilising oxide used is
Y,0; and the resulting material is referred to as yttria-stabilised zirconia (YSZ).
The crystal structure of YSZ is typically a cubic fluorite as shown in Fig. 2.7.

Fig. 2.7: The cubic fluorite crystal structure [7].
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The trivalent cations (Y3+) substitute for the tetravalent lattice cations (Zr“),
creating oxygen vacancies. This reaction may be written using Kréger-Vink

notation as ;

L0, 2% 52y, +Vy+305 000000 e 2.4

An oxygen ion (02') moves from the cathode side to the anode side via the oxygen
vacancies in the oxide. Therefore, higher oxygen vacancy concentration promotes

higher conductivity of the electrolyte.

Alternative dopants to Y,0; include CaO, MgO, Sc,0; and some rare-earth
oxides [2]. Y,0; is the preferred dopant for ZrO, electrolytes because of its
availability, the adequate conductivity it provides and its reasonable cost. Sc,03-
and Yb,O;-doped zirconias show higher ionic conductivities than YSZ but are
considerably more expensive. Another point to be considered is that the fracture
strength of YSZ decreases with increasing temperature [11]. The tetragonal phase
displays higher oxygen ion mobility than the cubic phase.

2.3.2 CeO, BASED ELECTROLYTES

These have been used in conjunction with ferritic stainless steel interconnect

bi-polar plate materials for the operation of SOFCs between 450-700°C.

CeO,-based electrolytes have even higher ionic conductivity than YSZ
although the efficiency is reduced in the presence of fuel gas [8]. CeO, has the
cubic fluorite structure from room temperature to its melting point, and therefore
does not require stabilisation as does zirconia. However, as cerium is a tetravalent
cation like zirconium, oxygen vacancies must be introduced by a similar process to
that of doped zirconia, that is by substitution of divalent or trivalent cations, in order
to exhibit rapid oxygen ion conductivity. The benefit of doped CeO, is that it can be

optimally doped to 2-3 % oxygen vacancies.
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The classic dopants are CaO and Y,0;. More recently, CeO, has been doped
with rare-earth oxides such as Gd,0; [11], La,O5 [21], Nd,05 [21], Sm;05 [21],
Yb,0; [21] and SrO [22] in order to improve its properties. A great deal of research
has been done on Ce; xGdxO,.xn» (CGO) due to its high ionic conductivity
[23,24,25,26]. Another dopant which shows higher ionic conductivity is samaria

(Sm,0;). Most work on samaria-doped ceria has been carried out in Japan [27].

Mixing ZrO,, Y,0;, CeO,, and Al,O3 together resulted in ceramics with
ionic conductivities inferior to that of YSZ at intermediate-to-high temperatures, but
good conductivities at temperatures below 400°C [28]. Miliken et al [29] have
reported that a mixed ionic-electronic conductor, CeggGdy 19Pr0010,, yields higher

cell performance than a cell containing a CGO electrolyte.

Electrolyte films of ceria electrolytes have been fabricated using different
processing techniques, such as spray pyrolysis [30], slurry coating [30], slip casting
[30], RF ion plating [30], plasma spraying [30,31], and screen printing [32]. A more
sophisticated technique, electrochemical vapour deposition, has been used to deposit

(Y203)0.11(Ce02)0.89 [33] and YSZ onto porous electrodes [34].

The ionic conductivities of various candidate electrolytes are summarised in
Table 2.2.
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Table 2.2: Ionic conductivities of various electrolytes

Electrolyte Ionic conductivity (S/cm) Reference

La,03 (10mol%) - CeO, 0.020 [35]

Y,03 (20mol%) - CeO, 0.055 [36,37]
Gd,05 (20mol%) - CeO, 0.083 [36]
Sm,0; (20mol%) - CeO, 0.117 [36]
CaO (10mol%) - CeO, 0.035 [38]
SrO (10mol%) - CeO, 0.050 [39]
Nd,0; (15mol%) - ZrO, 0.014 [40]
Y,0; (8mol%) - ZrO, 0.10 [40]
Sm,03 (10mol%) - ZrO, 0.058 [40]
Sc,03 (10mol%) - ZrO, 0.25 [40]
Yb,0; (10mol%) - ZrO, 0.11 [40]
Lag §Sr92Gao sMgo 203" 0.10 [9]
Lay Sro 2Gao sMgo 203~ 0.31 91
Bi,0;" >0.10 [2]

The ionic conductivities of ceria electrolytes were measured at 800°C and those of doped zirconia
electrolytes were measured at 1000°C.
+ ionic conductivity at 700°C.

~ ionic conducvitity at 1000°C.
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2.4 CATHODES

In this section, various matters pertaining to cathodes - the reactions involved,

microstructural requirements, and candidate materials - are discussed.

Although LaCoQOj3 (LCO) has a higher electrical conductivity than LaMnQO;
(LMO), LMO is stable over a wider range of oxygen partial pressures. In addition,
LCO tends to react with YSZ at high temperatures and the thermal expansion
coefficient is much greater than that of LaMnO; [2]. LaMnO; has a thermal
expansion coefficient compatible with YSZ but reacts with zirconia at temperatures
above 1200°C. Strontium is the common dopant for both oxides. Other oxides are

discussed briefly at the end of this section,

2.4.1 REACTIONS AT THE CATHODE

The overall chemical reaction at the cathode is:

O, +2V; +4e =20} — 25

In fact, various reactions occur simultaneously at the electrolyte/cathode
interface and the triple phase boundary (TPB) where electrode, electrolyte, and gas
phases meet. Several of these reactions have each been proposed as the rate

controlling step for oxygen reduction [2]. The main reaction steps are:

1. Diffusion of gaseous oxygen in the pores of the electrode [41,42]
Oz,bulk = Oz,pore

Ol,pore = OZ,TTB

2. Adsorption of oxygen on the electrode and the electrolyte [43,44]

Ol,calhode = 02ad,cathode

Q,cathode = 02ad, TPB
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3. Dissociation of oxygen molecules into atoms [45,46]

B i cathode = 2O0sd, cathode
Graa 18 =20,41p8

4, Diffusion of oxygen along the electrode surface [45,47,48] and Diffusion of
oxygen atoms through the electrode [49,50]

2Oad,cathode = 20ad, 8. T 29

6. Diffusion of electrons in the electrolyte [51,52]

eelectrolytd anode = ee_leclrolyla’ cathodke @~ T °° 2.10

7. Diffusion of oxygen ions in the electrolyte [42,53,52,54]

0127;3 = eIchronla’anode —- 211

8. Oxygen reduction at the cathode surface [1,8]

—;_OZ,pore + V(;,carhode + 2ec-athode - O(x),calm """ 212
9. Charge transfer [55,56]
Ouizrs +2Vorps +4€1p5 =200 1ps - 2.13

Some of these steps are illustrated in Fig. 2.8.
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Fig. 2.8: Reaction steps of oxygen reduction at a triple phase boundary [57].

The rate-determining step for oxygen reduction depends on the cathode
material, electrolyte, particle morphology, and temperature range. The behaviour of
the porous cathode is dominated by interfacial oxygen surface exchange reactions
and diffusive processes as the diffusion coefficient for ions in the solid is much
smaller than that for the gas molecules in the pores [58]. Rate-determining steps can

be suggested from AC impedance measurements.

The reactive area for oxygen gas is not limited to the TPB but can spread
over the electrode surface. This is related to the defect chemistry of the cathode
material. The concentration of oxygeh adsorption sites is related to the
concentration of defects in the electrode [2]. For materials with low oxygen
diffusion coefficients, such as noble metals and lanthanum manganite, the reactions
occur at or near the TPB (Fig. 2.9). The high amounts of TPBs result in low values

of electrode resistance [59].
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Fig. 2.9 : Schematic diagram of cathode reactions at a TPB.
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Fig. 2.10 : Schematic diagram of cathode reactions at electrode/electrolyte

interface.

In contrast, in materials with high oxygen diffusion coefficients - the so-
called Mixed Electronic-Ionic Conductors (MEICs), for example lanthanum
cobaltite and indium oxide - reactions also occur along the electrode/electrolyte
interface (Fig. 2.10). This enhances the reactions taking place at both the TPB and

along the electrode/electrolyte interface which improves overall conductivity.
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2.4.2 MICROSTRUCTURAL REQUIREMENTS

The main requirement of the cathode microstructure concerns the triple phase
boundary. High TPB length reduces the electrode overpotential [60], whereas
increased contact area gives larger electrode capacitance [61]. The TPB length can
vary with the particle sizes; 2x10° cm/cm? for 100 microns size particle diameter to
2x10* cm/cm? for 1 micron size particle diameter [62]. The high TPB length is
critical for an electronic conductor cathode which has poor ionic conductivity such as
doped lanthanum manganite (LSM). A different model has been proposed for

porous MEIC cathodes, such as doped lanthanum cobaltite. This is discussed later.

2.4.2.1 Electronic Conducting Cathode

The thickness of the cathode layer is chosen depending on the self-diffusion
coefficient and the surface exchange coefficient as explained by Steele [63]. The
optimum thickness can be calculated as follows.

The magnitude of the electrode resistive term (Rg) is determined by the rate-
controlling step in equation 2.4. The rate-controlling step could be due to Faradaic
charge-transfer, mass transport limitations or the chemical reaction kinetics. All the
overpotential expressions are very similar therefore the electrode resistance can be
expressed as (see Butler-Volmer equation for the low field approximation):

_RT
zFjg
where R; = electrode resistance (Qcm?),
R = gas constant (8.314 Jmol'K™),
T = temperature (K),
z = charge of the ion,
F = Faradaic constant (96.5x10° Cmol™), and
jg = characteristic molar flux (cm’s™)
The ionic resistance ,Ro (Qcm?) is replaced by L/o, where L is the thickness of the
oxide ceramic in cm, and & is the specific ionic conductivity in S/cm.

=
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When the bulk resistance equals the surface control resistance, equations (2.4) and

(2.5) can be combined to give:

RT_L e (26)
zZFj; o©

The characteristic electrode current density has been shown [64,65,66] to be

— Q2.7)

je=2=

Vin

where V., = the molar volume of oxygen in the oxide membrane (cm3), and

k =the surface exchange coefficient of oxygen (cm/s).

By combining equations (2.6) and (2.7), we therefore obtain:

(ZF) KL — 28

From the Nernst-Einstein equation:

C. =M
A — 2.9)

where D* is the self diffusion coefficient (cm%s). All that remains is the

substitution of (2.8) into (2.9) to give:

D
Li=— 2.10
=7 @10

This length, L, is the length at which the oxygen flux changes from being controlled
by the surface reactions to being controlled by bulk diffusion. For LaggSrg,MnO;,

L4 was calculated to be 0.1 pum, which is the minimum length for bulk diffusion

control to be dominant.

For a dense electrode, it is also possible to calculate an effective resistance by

using the value of the oxygen ion conductivity in the mixed conducting oxide. For

example, substituting (2.5) in (2.9) gives:
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V.RT
Ro =1«5*(7)2' ----- 2.11)

where L, is the thickness of a dense mixed conducting oxide cathode.

From the kinetic data provided in the overview later in this chapter, L, for

Lag gSrgoMnO; operated at 1000°C has been calculated to be approximately 1x10™*
pm [62]. This means significant oxygen flux can only be sustained in a very thin
film. More details of the calculation of these parameters for TPBs in porous

electrodes can be found in ref. [62].

2.4.2.2 Mixed Electronic-Ionic Conducting Cathodes

Adler et al [67] have developed a model for AC impedance response of an
electrolyte with symmetrical porous mixed conducting cathodes. The processes
contributing to the electrode polarisation resistance are assumed to be the diffusion of
oxygen ions in the mixed conductor and the exchange of oxygen gas at the mixed
conductor/gas interface. Following the assumption of the model, it can be shown
that the Area Specific Resistivity (ASR) between the electrode and electrolyte

interface is equal to a chemical resistance, R, Which is defined as :

RT) T

tam
chem =\ 2F2 (1—8)chvaro(af +a|,)

where R = gas constant (8.314 J/molK),
T = temperature (K),
F = Faradaic constant,
© = solid phase tortuosity,
€ = porosity,
Cy = OXygen vacancy concentration (mol/cm3),
D, = vacancy diffusion coefficient,
a = surface area (cm™),

1o = exchange neutral flux density,
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o and o, are transfer coefficients of the order of unity that depend on the

specific mechanism of the exchange reaction.

The chemical resistance therefore depends on the microstructural parameters
of the porous cathode, namely its surface area, porosity, and tortuosity.

When ro(as + ap) =k, and ¢,Dy = cp,cD*, equation (2.12) can be rewritten as:

Repem =(251,T;),/(1_—8)1;m ----- (2.13)

where cp,c = the concentration of oxygen sites in the cathode material as obtained

from the lattice parameter,

k = surface exchange coefficient of oxygen (cm/s), and

D* = self-diffusion coefficient of oxygen (cm%/s).

Equation (2.13) is more practical in use as the values of k and D* can be
measured directly using Secondary Ion Mass Spectrometer (SIMS).

The values of the ASR, the oxygen diffusion coefficient and the surface
exchange coefficient of selected cathode materials are summarised later in this

chapter.

2.4.3 LANTHANUM MANGANITE (LaMnO3)

2.4.3.1 Structure

LaMnO; is a perovskite-structured oxide. The crystal structure is slightly
distorted from the ideal perovskite structure shown in Fig. 2.11, resulting in
orthorhombic symmetry for the undoped material.
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Fig. 2.11: An ideal perovskite structure, LaMnOs3 [2].

The phase diagram of the La;,03-Mn, 05 system presented in Fig. 2.12 clearly

shows the existence of the perovskite phase around the composition of 50/50 mol%
(68].
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Fig. 2.12: Phase diagram of the La;03Mn,0; system [68].

The melting point of LaMnO; is around 1880°C [68]. It is easy to introduce
nonstoichiometry as Mn"" is stable at high temperature. The crystal structure of
LaMnO; undergoes a phase transformation from orthorhombic to rhombohedral

symmetry at various temperatures according to various reports from 285°C [69] to
450°C [70].
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2.4.3.2 Properties

Lanthanum manganite was found to have superior electrical conductivity

when compared to other perovskite compounds at 700°C [69] i.e.:
o(LaMnO;) > o(LaCrO;) > o(LaFeO3)

The high electrical conductivity is due to the presence of Mn"*, which introduces a
large number of charge carriers (holes). These charge carriers move by a hopping
mechanism with the holes localized at Mn*" sites between jumps [69]. The
nonstoichiometric form of LMO is LaMnOs.§, which means the structure contains
excess oxygen that § is accommodated by cation vacancies. The ionic conductivity

is then low because of the low concentration of 7.

2.4.3.3 Cathode Stability

Formation of La,03 in LaMnO; perovskite is not desirable as this compound
reacts with water to form a hygroscopic compound, La(OH);. This hydroxide can
cause cracking and lead to disintegration of LaMnO; and La; xSrxMnO;. A
chemical potential diagram for the La-Zr-Mn-O system at 1300°C has been
constructed, based on existing thermodynamic data, Fig. 2.13 [71]. When La,Zr,0,
is formed, some of the Mn ions are oxidised. Dissolving of Mn ions into YSZ is
always accompanied by reduction of the Mn ions [71]. Under reducing conditions,

La;.Sr,MnO; completely dissociated into La,03, StMnO;, La,MnO4 and MnO
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Fig. 2.13: Chemical potential diagram of the La-Zr-Mn-O system [71].

2.4.4 Sr-DOPED LANTHANUM MANGANITE (La(4.x)SrxMnO;)

2.4.4.1 Structure

(i) La;.xSrxMnO; (LSM)

LSM has a rhombohedral structure at low Sr concentrations and at low
temperature. At high x (x > 0.3) and high temperatures, the structure changes to a
cubic perovskite [72,73,74]. Different preparation techniques, pressure, and

atmosphere yield LSM of different crystal structures [75,76,73]). When the Sr
content is increased, Mn®>* — Mn*" which results in a less distorted cubic structure
[73] because Mn** has a smaller ionic radius than Mn®*. The degree of distortion

decreases with increasing x [77].

(ii) Nonstoichiometric LSM

LSM is always found to be nonstoichiometric, La; xSrxMnO;;5. The amount
of excess oxygen decreases with increasing x [78]. Fig. 2.14 shows a plot of La,.
xSrxMnO;,5 nonstoichiometry with oxygen partial pressure. At low O, pressures, an

oxygen deficiency was found. A defect model based on the formation of association
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pairs between divalent Mn ions and O vacancies has been proposed to elucidate the
nonstoichiometric behaviour of LSM as shown in reaction 2.14 .

2Mn,, + 0, < 2Mn;, +V;" +30, - 2.14
It is able to explain the oxygen préssure dependence of oxygen nonstoichiometry,

electrical conductivity and chemical diffusion coefficient [79,80].

3.10
4
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: A Lag g 8ry0MNO,
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’°< 2.80 4 8 LageoSfo10MnO,
© Lag goS7p 20MNO,
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Fig. 2.14 : La; xSrxMnOj,5 nonstoichiometry versus oxygen partial pressure [81].

The unit cell volume of lanthanum-deficient La,.,Sr,MnO;, was found to be
less than that of stoichiometric LSM [75]. An A-site deficient compound,
(Lag 7Srg3)094MnO; exhibited oxygen stoichiometry while other Sr contents led to

oxygen deficiency at 750°C [82].

2.4.4.2 Reaction at TPBs

Dense LSM has been shown to have different cathodic reaction mechanisms

to porous film [83]. The oxygen ionic conductivity using a dense electrode

measured by the Hebb-Wagner polarization method was 5.9x10" S/cm at 800°C.

Impedance measurement of a Sr-doped LaMnOs/YSZ cathode found three
time constants indicating three possible rate-determining steps [84]. The three

semicircles seen in the impedance spectrum of a LaggsSrysMnOs/YSZ system
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corresponded to the charge transfer reaction of oxygen ions at high frequency, and
the peroxide dissociation and diffusion at medium and low frequencies [85]. In
addition, it was suggested that the oxygen reduction kinetics are limited by the
dissociation of oxygen molecules and subsequent migration of adsorbed oxygen
atoms at the TPB where the charge transfer occurs [86]. It has been proposed that
the dissociation of oxygen molecules adsorbed on a strontium-doped LaMnO;
cathode in contact with YSZ is the rate-determining step at 800°C [87]. The dopant
content influences the electrode overpotential, especially at high current density [87]
and it was shown that the rate-determining step involved dissociation of oxygen
molecules. A certain level of oxygen vacancies is present which influences the
exchange rate of oxygen at the surface [88]. The electrocatalytic activity can be
increased by increasing the cathodic polarization where the cathode is partly

reduced, thus increasing the oxygen vacancy concentration [84].

The fast process at the Lag g5Srg 15Mng 9303/ YSZ interface was charge transfer
while the slow processes were a coupling between charge transfer and mass
transport which increased due to sintering [89]. The mass transfer was attributed to
surface diffusion of reduced oxygen intermediates towards the TPB. An elementary
model of LSM/LZO/YSZ was proposed according to the formation of La,Zr,0, at
the interface [89].

An LSM cathode fabricated by electrochemical vapour deposition was found

to have a very large interfacial area. The polarization was only 1mV at a current

density of 3 Alem® [90,91]. The interfacial resistance was less than 0.01 Qcm’ in air.

The cathodic polarization of a Lag g5Srg, 12@3 film prepared by screen printing
increased when the effective electrode area decreased or when the amount of
agglomerates was increased. These effects were due to using too low a sintering
temperature (1000°C) and too thin a cathode layer (<25microns) [92]. The ohmic
loss followed the same trend as the cathodic polarization but showed no effect for

thick cathodes.
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Oxide ions in bulk LSM were investigated using SIMS and found to diffuse

via a vacancy diffusion mechanism [93]. The surface reaction rate constant was

very low, 10%-107 cm/s, while the criterion set by Steele [3] c,..\,vf?s k>107-10" cnvss.
s

The bulk diffusion of oxide ions was negligible at around 107 [67].

2.4.4.3 Properties

(i) Electrical conductivity

A 4-point Van der Pauw method was used for electrical conductivity

measurements of various LSM compositions at different temperature.

Table 2.3 : Electrical conductivity of La; xSrxMnO;.

Composition Temperature (°C) Conductivity (S/cm) Reference

LaMnO; 950 90-100 75
Lag 9Srg ;MnO; 1000 130 94
Lag 84St 16MnO; RT 25.6 74
1000 133 74
Lag §Sry,MnO; 1000 175 9%
Lag ¢5S1935MnO3 1000 200 72

Lag ¢St 4MnO; 700 100 95,96
Lag 5519 4MnO; 950 250-300 75
Lag sS1p sMnO; 700 360 97
800 320 97
900 300 97
1000 290 98
Lag 45819 5sMnO; 960 250 99
Lag 4519 5sMnO; 1000 450 72
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LSM shows a relatively small variation in electrical conductivity with a
moderate change of Sr dopant at 1000°C.  The electrical conductivity data reveal
Lay 5Sry sMnO; to be a metallic type conductor [97]. Yasuda [99] observed metallic
type conduction at x = 0.5, semiconductor type at x = 0.8 and a metal-semiconductor
transition at x = 0.6 over the temperature range 20°C-1000°C. Fig. 2.15 shows the

electrical conductivity as functions of temperature and Sr content.
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Fig. 2.15 : Conductivity of LSM as a function of temperature and Sr content [94].

(ii) Effect of oxygen partial pressure
Yasuda et al [79,80] claimed that LaggSro,MnO; has high electrical
conductivity only at oxygen partial pressures higher than 10% atm. At an oxygen

pressure lower than 107 atm, the electrical conductivity over the temperature range

850°C-1000°C was reasonably constant.

The amount of Mn*' remained constant at low temperature but was
measurable due to the holes generated from Sr doping at high temperature. It can be
concluded that the number of desorbing oxygens equals half the number of dopant

Sr atoms as shown in reaction 2.15.

2Sr0—L490 o8 4V +20] — 215
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Introduction of the dopant ion Sr** is equivalent to introducing StMnO, into

LaMnO, as indicated in the following defect reaction :

SrMnO,(LaMnO,) + Mn,, <> Sr|, +2Mn’, +20% +V3' +%02 — 216

The mean valence or mean oxidation state of Mn was enhanced by Sr doping
(+3.3 when x=0, +3.5 when x=0.5) [100]. An effect of the conductivity with oxygen
partial pressure is shown in Fig. 2.16.
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Fig. 2.16 : Conductivity of La,eSry,MnO; as a function of oxygen partial
pressure [94].

2.4.4.4 Stability

After sintering at 1200°C for 12 hours, La;O; was detected using XRD in
LSM of composition x < 0.5 [77].

(i) LSM/YSZ interface

(a) La;xSr,MnO,
When La;,Sr,MnO; was in contact with YSZ at 1200°C for 2 hours, La,Zr,0; and
SrZrO; were detected at x = 0.1 and 0.7, respectively. LSM can be in equilibrium

with these two phases, or one of them depending on the strontium content and

60



temperature as in Fig. 2.17 (a). Phases can be plotted in a chemical potential

diagram as functions of activities as shown in Fig. 2.17 (b).
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Fig. 2.17 : (a) Reaction products formed at the LSM/YSZ interface as a function
of strontium content and terhperature and (b) Chemical potential

diagram of the La-Sr-Mn-Zr-O system at 1300 °C [101].
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(b) La deficiency La,.,Sr,MnO;

e Mn;O; was detected at the TPB of LayeSrg3sMnQOs;, LageSrgoMnO;,
Lag 7Sry ,MnO;, Lay ;Srp ;MnO;, and Lag ;MnO; after annealing at 1200°C in air
for 20 hours [75]. However, Stochniol et al [102] claimed that no reaction
products with YSZ were found for Lag 551 3MnO3/YSZ heated to 1670K for
200 hours.

e La,Zr,0; was found at x< 0.3 and SrZrO; was found at x > 0.3. Both products
were found when x= 0.3 for the stoichiometric oxygen.

e Ladeficiency at x > 0.5 was found to prevent the formation of La,Zr,0, [103].

e An extended operation at 950°C can lead to the decomposition of La,Zr,0.

(i) LSM/Interconnect Interface

No reaction or localization was observed for the
Lag gSro,MnOs/Lagy ¢Srg,CrO; interface at 1300°C for 20 hours [104]. The
(Lag 75S10.25)0.99MnO3/Lay 75Cag ,5CrO; system was found to be stable under SOFC
operating conditions after trial runs of 300 hours [105]. No manganese oxide
segregation was observed in LSM but CaMnO; was detected at the interconnect.

This compound did not cause severe degradation as it is an electronic conductor.

A spinel of Mn(Cr,Fe),0, formed at the interface of Lag g4Srg6MnO5/Cr-
5Fe-1Y,0; at 950°C after 1000 hours [106]. This left the remaining area of rich in
La and Sr, which are able to form further undesirable compounds such as La,0; and

SrCrO;.

2.4.5 LANTHANUM COBALTITE (LaCoO3;, LCO)

LCO is a perovskite material as is LMO, but it has a rhombohedral crystal
structure from room temperature to 1000°C [107,108]. At high temperature, LCO
always shows an oxygen deficiency [109]. Compared with LMO, LCO is less stable
in a reducing atmosphere. Doping LCO enhances the electrical conductivity, but also
reduces the stability [110].
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Sr and Ca are typical dopants for LCO. The electrical conductivity of La,_
xSrxCo0; (LSC) is superior to that of La, xCaxCoO; for the same dopant level.

LCO is not stable in contact with YSZ at high temperature, forming La,Zr,0,
[111,112,113]. The Sr in LSC also reacts with YSZ to form SrZrO; [111,114,115].
These two phases are not desirable as they inhibit the reaction at the TPB. LCO-
based oxides normally have much higher coefficients of thermal expansion than
YSZ. The difference is significant enough to cause cracking due to thermal

mismatch.

2.4.6 OTHER OXIDES

(i) In,O3-Based Materials

Indium oxide doped with tin (ITO) has a high electrical conductivity
[116,117,118]. However, this material is expensive and not thermodynamically
stable [7]. In addition, the coefficient of thermal expansion of ITO is very much
lower than that of YSZ.

(i) GdCoO;-based materials

GdCoO; on its own has a fairly low electrical conductivity as compared with
LSM. After doping with Sr, it shows a comparable conductivity to that of LSM, but
a second phase of SrZrO; has been detected at temperatures above 850°C [119].

(iii) Pr(Mn,Co0)Os-based Materials
Pro¢Mny 4O; shows less reaction in contact with YSZ and has a low

overpotential loss [96,120]. However, the electrical conductivities of PrygSry,C0O;
and Prp ¢Mng 40; are lower than that of LSC.

(iv) Lag ¢Srg 4Coq 1Fey 503 (LSCF)
This material has been proven to have a very high electrical conductivity at

intermediate temperatures (600°C - 800°C) [121, 122]. Nevertheless, the CTE of this
material is much higher than that of YSZ.
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2.4.7 OVERVIEW OF CATHODE MATERIALS
Electrical conductivities, Area Specific Resistivities (ASRs), and CTEs of the

materials described above are summarised in Table 2.4, 2.5, and 2.6, respectively.

Table 2.4: Electrical conductivity of cathode materials.

Material Temperature Electrical Conductivity Reference
(O (S/cm)
Lay §S1p,MnO; 1000 175 94
Lag ¢Srp 4MnO; 700 100 95,96

Lay 3Cag 63MnO; 850 200 123
(Lag sCags5)ooMnO; 1000 160 124
La;Sr,CoO; 1000 1000 119

Lag ¢Sty ;Co0s 700 1000 110,125
Lag ¢Sry 4Co0; 700 2000 126
Lag ¢S194C003 700 500 125
Lag ¢Sr9.4Cog 2Fep 305 560 100 127
Lay 6Sr0.4C00.98Ni0.0203 1500 95

Pro sMng 405 900 240 96,120
Prg §Sr9,Mn,_,Co,03 700 1.63 for x=0 128

Table 2.5 : Area Specific Resistivities (ASRs) of cathode materials on YSZ.

Material Temperature (°C) ASR (Qcm®)  Reference
Lag §Srg:MnO; 800 140 121
900 30 121
Lag ¢S19 4MnO; 800 11.2 129
900 2.7 129
La, (Sr, ,CoO, 800 0.8 130
Lag ¢Sro 4Cog 2Fep 303 650 0.8 127




Table 2.6 : Coefficients of thermal expansion of some cathode materials.

Material CTE (x10°K™) Reference

Lag ¢Sty ;MnO; 12.0 131

Lag ¢St9 4MnO; 13.0 95, 96
Lay sSrp sMnO; 13.2 98
LayoCay ;MnO; 10.1 132
La, 5Cay sMnO; 11.4 132
LaCoO; 23.7 125

Lag¢SryCo03 20.1 110,125
Lay gSry2,Co0; 17.4 125
Lay 6519 4C0g 2F€ 503 >16 127
LaCoy ¢Nip 403 17 133

Pry sMny 405 12 96, 120
Prg §Sry,Mn,; ,Co,03 <12 128

The kinetic data of selected cathode materials including oxygen diffusion

coefficients (D*), and surface exchange coefficients (k) at various temperatures are

listed in Table 2.7.

Table 2.7 : Kinetic data of selected cathode materials [67)].

Material Temperature (°C) D* (cm’s)  k (cm/s)
Lay, sSrysMnO; 700 2x 10" 1x10®
800 8x10™ 1x107
Lay ¢Sr9,C00; 700 1x10® 3x10°
800 2x10* 5x10°
Lag ¢St 4C0q,Fep 503 854 74x10%  24x10°
761 1.5x10%  3.6x10°
663 1.5x10°  63x107
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2.5 FABRICATION OF SOFC COMPONENTS

As mentioned in the previous section, one of the major problems of SOFCs
is the fabrication of cell components. Many techniques are being used to fabricate
thin/thick film components for SOFCs. They are all different in terms of process

principles, conditions and cost.

The two main techniques by which films are currently being fabricated

successfully are based on the sintering route and the vapour phase route.

The thermal spraying method including plasma spraying involves spraying
of the desired material in a molten or liquid form onto a substrate. Plasma spraying
has been used extensively for the fabrication of YSZ films [30,134,135]. Generally,
thermal spraying techniques are used to deposit films on a metallic substrate [136],

since the thermal shock is too severe for deposition onto ceramic substrates.

2.5.1 SINTERING ROUTE

The majority of ceramic fabrication techniques follow the sintering route.
The major difference between them is the method of preparing the green body
before sintering. Some of the successful techniques used in the fabrication of YSZ
electrolyte and electrode films for SOFCs are dip-coating [137], sol-gel [138],
transfer printing [139], thermal spray sintering [140], screen printing [141], spray
pyrolysis [30,134,135,142], slip casting [30,134,143], and slurry coating [138].
Tape casting and tape calendering [144] are the techniques being used widely in the
commercial sector and several reports on the resulting mechanical properties have
been published [145,146,147,148,149]. All the techniques mentioned above require
an electrode to act as a substrate. Slip casting is also used to prepare electrode
supports [135]. These processes can be followed by the formation of PEN laminate
and co-sintering. However, co-sintering raises other issues such as the different
sintering temperatures required for each component of the fuel cell. The
microstructure then deviates from the ideal and this degrades the properties.

Removal of binders from the green body can cause cracking of the films. Moreover,
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during co-sintering diffusion between two interfaces such as between LaxSr;.xMnO;
and ZrO, [150] may occur. Cracking and delamination in the cell after sintering,
owing to the thermal expansion mismatch between layers, is another problem that
arises. Tailoring the powders of each component has been shown to be effective in

reducing the thermal expansion coefficient mismatch during sintering [151,152].

2.5.1.1 Slurry Coating Method

The slurry coating method involves coating a water suspension of electrolyte,
or slurry, on a substrate and drying it at room temperature. After drying, it is heated
to high temperature (1400°C -1500°C) for an hour, and then the process of coating,
drying and heating is repeated to reach the required thickness. The component is
then sintered at the elevated temperature for 5 hours. This process produces a dense

film.

2.5.1.2 Slip Casting Method

This is done by casting slurry in a mould. This process can be repeated many
times to fabricate complex shapes. The green body so produced requires sintering,
which is similar to the final process of slurry coating. Using this technique, a
sintered body containing only a few small pores can be produced [134].

2.5.1.3 Spray Pyrolysis

This technique involves the spraying of solution onto a heated substrate of
about 100°C - 200°C. The temperature is increased to ~600°C to decompose the
solute and any remaining solvent. The process is repeated until the required
thickness is achieved. The final step is sintering at ~1400°C -1500°C for 5 hours.
Films obtained from this process typically show large cracks at the surface [134].

2.5.1.4 Tape Casting

This technique is a casting of slurry of the powders and organic binders onto a

flat surface. The slurry is spread under a relatively slowly moving doctor blade to
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control the thickness. After the casting process, the tape is dried to remove the
solvent and then sintered. The sintering temperature for a dense YSZ electrolyte is
~1300°C - 1500°C [153,154]. For a porous LSM electrode, the sintering temperature
is in the same range [155,156].

2.5.1.5 Tape Calendering

A thin continuous tape is produced by squeezing the polymer/ceramic mixture
(electrolyte/electrode powder and organic binders) between two rolls. The required
thickness can be obtained by varying the space between the two rolls. The film
produced has high uniformity. Thin, dense electrolyte films in the range of 1 to 10
pm thick are fabricated using this technique [157]. The sintering process is similar to
those mentioned above. For a porous LSM electrode, it is sintered at 1300°C -
1400°C [158,159,160]. However, the heating rate is critical as the fast evaporation of
polymer binders may cause bubbles in the tape, leading to cracking [7].

2.5.2 VAPOUR PHASE ROUTE

The vapour phase is utilised by two main techniques for fabricating ceramic
films. These are distinguished by the reaction during deposition, viz whether it is a
physical or chemical reaction [161]. Ceramics prepared by a vapour phase route do

not require sintering at high temperatures.

2.5.2.1 Physical Vapour Deposition Technique (PVD)

The physical vapour deposition technique (PVD) is based on evaporation,
sputtering or ion plating. This process has to be carried out in a high vacuum. The
substrate must be placed exactly in line with the target material as this is a line-of-
sight process. There are many different heating methods such as resistance heating
and RF (Radio Frequency) coupling (for evaporating), sputtering, and microwave
heating. RF ion plating and RF sputtering follow this principle to deposit thin YSZ
films (< 1 micron) on electrodes substrates [134,138,162]. Control of the
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stoichiometry of multicomponent oxides using the PVD technique has proven to be
difficult.

(i) RF Ion Plating Method

The material to be deposited, for example YSZ, is evaporated by an electron
beam. The evaporated species are ionised in Ar plasma and accelerated by a dc bias
which is connected to the substrate holder [134]). This is enhanced by Radio
Frequency coupling. The temperature at the substrate is typically 400°C. The
whole process is carried out in vacuo. YSZ films obtained by this deposition
method contain pores or cracks, which are not suitable for a porous substrate.
Consequently, this method is not appropriate for fuel cell component fabrication.

The cost of this apparatus is expensive due to a vacuum chamber requirement.

(ii) RF Sputtering

This method is based on the ion bombardment of the material to be
deposited. Ions and atoms of the material being bombarded are ejected from the
solid and deposited on a substrate. This technique uses radio waves to achieve ion
bombardment. As a vacuum chamber is required, the cost is high and the deposition

time is slow [134].

2.5.2.2 Chemical Vapour Deposition Technique (CVD)

The Chemical Vapour Deposition technique (CVD) is performed in the
vapour phase from either gaseous, liquid or solid precursors. A chemical reaction
occurs on or in the vicinity of the heated substrate to form a coating [163]. As the
process has to be carried out in a closed chamber to achieve high temperatures, the
quality of the coating is good but costly. The reaction chamber can be at
atmospheric pressure, low pressure or ultra high vacuum. Precursors used are
generally expensive and toxic.

As far as the conventional CVD technique is concerned, the deposited film

has a well controlled microstructure, uniformity and adhesion. A thickness of less
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than 10 microns can be easily achieved. Another processing technique which
requires lower cost is preferable, however, but still maintaining the same film
quality. There are many modifications of this technique based on chemical vapour

phase reactions.

(i) Electrochemical Vapour Deposition Technique (EVD)

EVD is used to produce dense YSZ electrolyte films on porous substrates at
elevated temperature and reduced pressures [164,165]. This process relies on the
conductivity of ionic and electronic species in the precursors. A pore closure
reaction, in which metal halide reacts with water to form a metal oxide which fills
up the pores, is controlled by CVD. The metal halide and water supplied are on
either side of the porous substrate. An electrochemical reaction occurs after the
pores are filled. Film growth from the closed pores occurs according to the Wagner
oxidation process whereby oxygen ions from the reduction of water on one side
travel to the other side and react with the metal halide to form an oxide [166]. The
film from this technique has a dense structure and uniform thickness. This
technique is used commercially in the production of sealless tubular SOFCs [167].
The cost of this EVD technique is very expensive, especially with regards to the cost
of the apparatus.

(ii) Electrostatic Assisted Vapour Deposition (EAVD)

A more recent technique in the field of CVD is EAVD which has been
shown to be able to successfully deposit both porous and dense films for SOFC
application [168,169]. The general method is similar to the spray pyrolysis
technique, except that the spray solution is charged beforehand. When the solution
is sprayed it is emitted as fine droplets. As these droplets are charged, the
deposition geometry can be controlled, by using the charging attraction.

(iii) Combustion CVD (CCVD)

Combustion CVD combines the basic principles of Metal Organic CVD and
the flame spraying technique by which a liquid precursor solution is sprayed through
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a flame. An oxide film is deposited on a substrate, which is held in the flame. The
maximum thickness of the deposited film has been found to be 1.2 pm for the
deposition of YSZ on stainless steel [170]. A similar technique can be used to
produce thin films of YSZ [171]. So far, the thickness of films produced by this
alternate method is too thin for application in SOFCs.

(iv) Flame Assisted Vapour Deposition (FAVD)

Flame Assisted Vapour Deposition uses a flame as the heat source instead of
a furnace. It is a combination of spray pyrolysis and flame synthesis whereby an
atomised solution is sprayed through a flame in an open atmosphere.
Decomposition and combustion reactions occur, resulting in a stable film deposited
on a heated substrate. The whole deposition process is performed at a relatively low
temperature and at a high flow rate. There are some reports of this technique being
used for coating of SiO, [172], YBa,Cu;0, [173,174], Al,O5 [175] and PbTiO3-
based oxides [175]. A YSZ coating on a single crystal of MgO has been deposited
using this technique [176]. This technique is capable of depositing both dense and
porous films, and hence it has been selected for deposition of SOFC electrolytes and

cathodes.

Table 2.8 below gives a summary of the advantages and disadvantages of

some techniques used in preparation of SOFCs components [134].
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Table 2.8: Advantages and disadvantages of some conventional processing

techniques.
Fabrication Thickness Advantages Disadvantages
Technique
Slurry coating 10 pm- High utilisation of Slow process and cracks can
materials and not affected  form due to shrinkage during
by surface roughness. sintering.

Slip casting 150 pm- High utilisation of Low mechanical strength (self

materials and yields good  supported) and component size
pin hole free film. Simple to limited to small areas.
perform.

Spray pyrolysis 10 pm- Unaffected by substrate ~ Low utilisation of materials and
roughness and needs low slow process. Difficult to deposit
preparation temperature.  dense electrolyte and requires

further heat treatment

RF ion plating 2 pm- Suitable for ceramics and Deviation of composition
possibility of reactive ion  between source and deposited

plating. films. Line-of-sight process,
expensive.

RF sputtering 2 pm- Possibility of reactive Low deposition rate and

sputtering. deviation of composition
between source and deposited
films. Line-of-sight process,
expensive.
CVDand EVD  thin and Dense films Low deposition rate and
thick expensive.
films

Plasma spraying 100 um-  Suitable for ceramics with  High heating and cooling rates
high melting point and for  leading to thermal shock. Not

sequential fabrication of  suitable for the fabrication of
components. High dense electrolyte.
deposition rate.
EAVD 1 pm- Suitable for dense and Specific configurations are
porous films necessary for particular types
of coatings
FAVD 1 pm-20 Suitable for porous films  Difficult to control processing
pm parameters.
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2.6 SUMMARY

From all the aspects mentioned in this chapter, various interesting points have
been expanded and explored in this thesis based on the SOFC of bi-polar plate
configuration. As the cost of fabrication is one of major problems involved in
SOFCs, a novel method of FAVD has been used to deposit porous films of LSM
cathode for the YSZ electrolyte, operating at 800°C-900°C. These choices of
cathode and electrolyte have been made according to the availability and materials,
data, and satisfactory properties as both of them are typically used for these
applications. For the SOFC operating at intermediate temperatures (650°C-800°C),
ceria-based electrolytes are a good candidate. Since LSC has a compatible CTE with
doped ceria and has high electrical conductivity in this range of temperature, it is also
selected as a cathode material. The coefficient of thermal expansion of selected

materials are summarised in Table 2.9.

Table 2.9 : Coefficient of Thermal Expansion of selected materials for SOFCs.

Component Material CTE (x10°K™) Reference
Cathode La,,,Sr1, ,sMnO; 124 123
La, ¢Sr,,C00, 17.4 125
Electrolyte YSZ (8mol%) 10.8 37
Ce,Gdy,0, 13.2 177
Interconnect La, ¢Sr, ,CrO, 11.1 178
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Chapter 3 : EXPERIMENTAL PROCEDURES

3.1 PREPARATION OF SUBSTRATES

YSZ SUBSTRATES

8 mol% YSZ pellets were prepared by a conventional ceramic sintering
process. The 8 mol % YSZ powder supplied by TOZOH (Japan) was pressed into
green body pellet of size 13 mm. These pellets were then sintered at 1500°C for 2
hours with heating and cooling rates of 300°C/hour. The diameter of YSZ pellets
after sintering was 10 mm and the density was greater than 97 %. The thicknesses of

pellets were between 500 microns to 1 mm.

GADOLINIA DOPED CERIA SUBSTRATES

Ce,,Gd, 0, 45 plates were prepared using a tape calendering method. The
green body plate was sintered at 1500°C for 5 hours. The 99.9 % Ce,,Gd, 0, s
powder was supplied by Rhone-Poulenc (France). The size of plate after sintering

was about 10 mm. x 10 mm. and 300 microns thick.

3.2 PREPARATION OF PRECURSORS

PRECURSOR FOR DEPOSITION OF LSM

Nitrate powders of 99.9% La(NO,),xH,0, 99+% Sr(NO,), and 98%
Mn(NO,),-6H,0 supplied from Aldrich Chemicals were dissolved in deionised water
at the ratio of La : Sr : Mn = 0.82 : 0.18 : 1, to make an aqueous solution. Ethanol
99.9% was then added to the solution to make the solution of desired concentration.
The ratio of ethanol to water was varied from 50 : 50 to 80 : 20, and the

concentration of the precursor was varied from 0.01 M to 0.10 M.
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PRECURSOR FOR DEPOSITION OF LSC

The precursor preparation procedures are similar to that described above for
the deposition of LSM, but 99% Co(NO,),-6H,0 (Aldrich Chemicals) powder was
used instead of 98 % Mn(NO,),-6H,0. The ratioof La: Sr: Co=0.8:0.2: 1, and
the ratio of ethanol to water was varied from 70 : 30 to 75 : 25, but the concentration
of the precursor was fixed at 0.05 M as it was proven to be the optimum

concentration of the solution from the deposition of LSM.

PRECURSOR FOR DEPOSITION OF LCO
The powders were mixed to make a precursor solution of La : Co ratio of 1:1.
The concentration of the precursor was 0.05 M. The precursor preparation

procedures are similar to that of LSM and LSC.

PRECURSOR FOR DEPOSITION OF CGO
Powders of 99 % Ce(NO;);-6H,0, and 99.9 % Gd(NO,);-6H,0 from Aldrich
Chemicals were dissolved in deionised water at the ratio Ce : Gd = 0.8 : 0.2, and

subsequently, ethanol was added to the mixture to make a precursor solution of 0.05
M.

PRECURSOR FOR DEPOSITION OF YDC

The precursor preparation procedure is similar to that of CGO but the powder
of 99.9 % Y(NO5);-6H,0 was used instead of Gd to mix with Ce powder at the ratio
Ce : Y=0.85:0.30. The concentration of the solution was fixed at 0.05 M.
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3.3 FLAME ASSISTED VAPOUR DEPOSITION (FAVD)

A sketch of the FAVD apparatus is shown in Fig. 3.1. An appropriate substrate
was cleaned in acetone prior to each deposition and heated up to ~200°C by means of a
hot plate, then a natural gas flame (Bunsen burner) carried on the heating up close to
the expected deposition temperature at around 600°C. A thermocouple was placed next
to the substrate to monitor the temperature during the deposition which is called
‘deposition temperature’. The precursor of the film to be deposited was drawn from the
source using a peristaltic pump at a set flow rate, through the spray nozzle (atomiser).
The precursor was then atomised across the flame to the substrate situated vertically
below the spray nozzle. The distance between the spray nozzle and the flame, and
between the flame and the substrate was fixed throughout the deposition process. The
process of deposition and annealing were run simultaneously. The deposition was
performed continuously for 30 seconds and the substrate was annealed for 30 seconds
repeatedly.  After completing the film deposition, the substrate was given a final
annealing for 2-3 minutes at the same temperature to ensure there were no unreacted
species or vapour remaining in the film. Finally, the substrate was cooled down at a
rate of 300°C per hour to room temperature with the combination of the flame source

and the hot plate.

The variable parameters in this FAVD are the ratio of ethanol/water and the
concentration of the precursor solution, the flow rate of the precursor, the pressure of
the compressed air, and the distance between the spray nozzle and the substrate.

Effects of these parameters are studied in Chapter 4.

For the deposition of electrolyte/cathode interlayer, the deposition procedure is
the same but the electrolyte film was deposited first and then followed by the
deposition of the cathode layer. When a symmetrical cell of interlayer is required, the
substrate was turned up-side-down after the deposition of each film. There are two
combinations in the deposition of this symmetrical cell of interlayer, which will be

explained further in Chapter 6.
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pump
Compressor
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substrate on substrate holder
Thermometer
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Fig.3.1: A schematic diagram of the Flame Assisted Vapour Deposition

apparatus.

This FAVD apparatus shown above has been modified from the original
setup to yield a better control during deposition process and improve the coating

reproducibility. Fig. 3.2 shows the original setup.
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Fig. 3.2 : The original FAVD apparatus

The original setup uses the pressure from the siphon height and the
compressed air to atomise the precursor solution through the spray nozzle. This had
proven to be difficult to control, and inconvenient to operate. The modifications that

were made are described below.

3.3.1. PERISTALTIC PUMP

A peristaltic pump has been used to generate a controlled flow rate of the
precursor solution, which can be accurately measured. The flow rate is fixed
throughout the deposition and not varied with the height of the solution. The flow of
solution can be turned on and off immediately, which is important in the deposition
and in emergency. However, the type of pump used has three rollers in generating
the flow of liquid in a tube to flow in one direction, at the same time, gaps between
the rotation of rollers cause pulsation in the flow. This pulsation affects the flow of
the solution and therefore the deposition temperature. It has been minimised by

introducing water reservoirs in the tube (connected tubes of different sizes). The
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pulsation was reduced as the water in the reservoirs, flow to the nozzle during

pulsing from the gap between rollers.

3.3.2 COMPRESSED AIR PRESSURE CONTROL (omnifit)

The compressed air supplied directly from a compressor had a pressure that
was too high and the pressure at the spray nozzle was not known, when the pressure
drop in the pipeline was taken into account. An air pressure control has been utilised
to control the pressure within a desirable range (lower than 30 psi). The air pressure

can then be switched on and off instantly.

3.3.3 SUBSTRATE HOLDER

The hot plate used has a metal surface in which the coefficient of thermal
expansion is very different from the ceramic substrate. This caused cracking during
deposition. In addition, the position of thermocouple next to the substrate was
difficult to maintain at the same position in different deposition. Therefore, a ceramic
holder was introduced to overcome these problems. The ceramic holder was
fabricated from a commercial machinable ceramic (MACOR- trademark). With this
ceramic holder, the problem due to thermal mismatch has been removed and the

thermocouple has been properly positioned in all the depositions. The plan and cross-

section of the holder are shown in Fig. 3.3.

A

1N B
\ _/l__
B’ | L 1 B
A,
Plan view Cross-section views

Fig. 3.3 : Sketches of the ceramic holder.
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3.3.4 DEPOSITION ENCLOSURE

The deposition is carried out in an open air, in a fume cupboard. The
turbulence in the fume cupboard, influences the flow of droplets, the chemical
reactions and the deposition temperature. As the fume cupboard is needed for safety
reason, an enclosure was introduced to prevent the turbulence effects and direct the
flow in the desired direction. An aluminium enclosure was constructed to cover the
apparatus but still allowed gases to be sucked through the fume hood. A sketch of
this cage is shown in Fig. 3.4. With the use of this enclosure, the deposition could be

controlled without any external effects from turbulence.

=

Fig. 3.4 : A sketch of a deposition enclosure.

3.3.5 AQUARTZ TUBE

With the aluminium enclosure, the deposition temperature was not disturbed
by the turbulence in a fume cupboard. Nevertheless, the temperature fluctuation was
controlled within a narrow range of + 20 °C. A quartz tube of length 6 cm and 4 cm
in diameter was introduced in between the flame tip and the substrate, to smoothen
the temperature fluctuation. It has been proved to yield a better control over the
temperature, to within an acceptable range of + 15 °C to £ 10 °C. The temperature
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fluctuates more if a quartz tube is too short. A setup with this quartz tube is shown in
Fig. 3.5.

spray nozzle

>

\

E—— flame torch

quartz tube

substrate ———
hot plate Q

Fig. 3.5 : FAVD apparatus with a quartz tube.
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3.4 CHARACTERISATION TECHNIQUES
3.4.1 STRUCTURAL CHARACTERISATION

3.4.1.1 MECHANICAL TEST

Qualitative scratch tests were performed on the coated substrates to evaluate the
adhesion of the coating to the substrate. The surface of a deposited substrate was
evaluated using adhesive tapes. If the film was powdery, powder can be removed

easily and the film was categorised as powdery.

3.4.1.2 OPTICAL MICROSCOPY
The deposited films were observed under an optical microscope for a quick
determination of a dense or porous structure. The presence of any cracks or powder on

the coated surface could be detected easily.

3.4.1.3 SCANNING ELECTRON MICROSCOPY (SEM)

Surface morphology and fracture cross-sectioned of the deposited films were
studied under SEM of model JOEL JSM-T220A using the secondary and back-
scattered electron modes. The porosity, particle sizes and thickness of coated films
were estimated. The SEM (JOEL JSM 35CF) equipped with Energy Dispersive
Analysis X-ray (EDAX) was used to examine the elements present in the samples
quantitatively. The basic principle is that characteristic x-rays are generated when
incident electrons knock out an inner shell electron of one of the sample atoms. The
atom then relaxes by an electron in another shell falling into the vacant state. The
energy of this x-ray is the difference between the two energy levels which is

characteristic of a particular element.

3.4.1.4 X-RAY DIFFRACTOMETRY

The crystal structure of the deposited films were analysed using x-ray
diffraction method. A computer aided Philips PW1710 diffractometer was used at the
operating current and voltage of 40 mA and 40 mV, respectively. The target used was
copper which generated CuKa. radiation of wavelength 1.54178 x 10"’ m incident on
the sample surface. The number of orientations of the crystal grains for the incident x-
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rays could be increased by spinning the sample stage. Samples were analysed over the
angular range 10° to 90° 20. The diffraction patterns were collected and processed
with the aid of Philips PC-APD software. These patterns were compared with the
standard XRD data called the JCPDS data. Crystal structures were then identified in
which the unit cell lattice parameters could be calculated from the d-spacings and the

reflection planes for a particular system.

3.4.2 ELECTRICAL PROPERTIES

3.4.2.1 AC IMPEDANCE SPECTROSCOPY

AC impedance spectroscopy is a technique used to investigate the electrodic
behaviour of cathode materials and the interface of electrolyte/electrode systems. AC
impedance measurements were performed on symmetrical cells which consisted of
porous electrodes that were deposited on both sides of the electrolyte pellet (Fig. 3.6).
The thickness of the electrodes on both sides are approximately equal.

T+ -] cathode

electrolyte Symmetrical cell

o BB B el e e s iReie: Cal] CathOde
THoeie e e e 8] Pt meSh

Fig. 3.6 : A cross-section of a symmetrical cell.

Fig. 3.7 shows the sketch of an AC impedance spectroscopy sample holder. A
computer-controlled Solartron SI 1260 Impedance/Gain-Phase analyser was used to
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measure the complex impedance of a symmetrical cell. The measurements were
carried out as a function of temperature from 270°C - 770°C and a function of oxygen
partial pressure. Platinum wires and mesh were used to provide an electrical contact to
each side of the electrode. The frequency of the applied sinusoidal electrical
perturbation was ranged from 0.01 Hz to 32 MHz. The amplitude of this applied signal
was fixed at 50 mV peak to peak. The various processes that contribute to the

behaviour of the electrochemical cell can be distinguished.

water cooled
brass housing

thermocouple

C-—I 01 alumina holder ~ |contact

owires

Fig. 3.7 : A schematic diagram of an AC impedance spectroscopy sample holder.

vent

Quartz tube

A typical AC-impedance spectrum consists of three semicircles referring to
the electrolyte grain interior or bulk (R,), electrolyte grain boundary (R), and the
electrode (R,) resistances. These can be interpreted as a parallel circuit of resistances

and capacitance connected in series, Fig. 3.8.
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Fig. 3.8 : a) A typical AC-impedance spectrum [179] and b) A series circuit

referring to the semicircles in the spectrum [180].

The intercepts at the real axis of a semicircle mark the resistance of that
process. ASR is the resistance of the surface area between the electrolyte and the
electrode. The log of conductivity (reciprocal of ASR) times temperature is then
plotted versus the reciprocal of temperature, according to the Arrhenius type

equation. The activation energy is obtained from the slope of this straight line.

-Ed

expTT_ - (3.1)

%o

oy = T
where @, = conductivity (reciprocal of ASR) (Q'cm?)
o, = pre-exponential constant
E, = activation energy (J/mol)
T = temperature (K)
R = gas constant (8.314 J/mol K)

3.4.2.2 DC 4-POINT (VAN der PAUW) TECHNIQUE

The electrical conductivity of a porous electrode film was measured using the
four-point van der Pauw technique [181] as a function of temperature from room
temperature to 700°C. The sample holder is similar to that of the AC impedance

spectroscopy measurement but with four platinum beads in contact with the surface
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of the electrode layer by means of a mechanical pressure. The sample situated in a
furnace with an air atmosphere. A known current was applied across two adjacent
platinum point contacts and the voltage generated across the other two points were
measured using a multi-meter. This procedure was repeated with at least four
combinations of adjacent platinum point contacts. These combinations are shown in

Fig. 3.9.

R, =Vl
@ R, = Vadlao

Ry =Ven/Iss

® © R, = Vpa/lpc
© Ry =V, /I

Re= Vep/l,c

Fig. 3.9 : Combinations of the resistances from the 4-point contacts.

From Ohm’s Law :

b
1]
~| =
]

i
!
7~~~
W
N
N

where, R is the electrical resistance (QQ),
V is the electrical voltage (V), and
I is the electrical current (A),

therefore, the electrical resistivity, p, can be calculated from :

i (R+R,+R.+R
p= (l 2 3 4)

In2 4
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where ¢ is the thickness of the electrode layer, and R; is the resistance of the i#
electrode combination.

The activation energy can be calculated from a straight line obtained from the
Arrhenius type of plot between log (conductivity x temperature) versus the reciprocal

of temperature, in the same manner as in equation 3.1.
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Chapter 4: EFFECT OF PROCESS PARAMETERS
IN THE DEPOSITION OF La; xSryMnO;

In this chapter, various parameters involved in the deposition of LSM using
the FAVD technique, were investigated and discussed. There are the ratio of
ethanol/water, the flow rate of the precursor, the concentration of the precursor, the
pressure of the compressed air, and the distance between the spray nozzle and the
substrate.  These parameters produce the most pronounced effects on the
microstructures and properties of the deposited films. The main factors which are
investigated from this set of results are the microstructures and the adhesion of the
films. More detailed discussion of the chemical reactions, are considered later in this

chapter, and compared with a process simulation model in Chapter 7.

As explained in Chapter 3, a precursor solution of desired ratio and
concentration is delivered to the spray nozzle at a certain flow rate. The solution is
sprayed through the nozzle by means of a compressed air at a fixed pressure to form
fine aerosol droplets. When the aerosol droplets pass through the flame, the
decomposition and combustion reactions occur. As a result, an oxide film is

deposited at the substrate.

The deposition process can be categorised into three main groups according
to the shapes of a combustion zone (A, B, and C), Fig. 4.1, which can be varied by
varying the processing parameters. The combustion zone is an area where the
combustion of droplets takes place and all species are covered in flame. The
deposition temperature mentioned in this thesis refers to the temperature at the
substrate surface during deposition. d is the distance between the spray nozzle and
the substrate.

The shape of a combustion zone closely relates to the microstructure of the
deposited film. In general, shape A results in a precipitate or flaky film and the
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deposition temperature is relatively low (< 500°C). A dense film can be obtained
from a combustion zone of shape B where the deposition temperature is intermediate
~ 500°C-700°C. The combustion zone of shape C typically yields a powdery film at
relatively high deposition temperature of > 700°C.

spray nozzle

~>

i\ ' \
< 7 !g — flame torch
A
distance | d * the maximum temperature
B
C
A2
—
hotplate ()

Fig. 4.1 : A sketch of various combustion zones in the FAVD method.

The deposition process related to microstructures of deposited films are

discussed in each variation of processing parameters.
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41 RATIO OF ETHANOL/WATER IN THE
PRECURSOR SOLUTION

The aim of these experiments, was to obtain the optimum ratio of
ethanol/water, to be able to produce a film of Layg,Sr, ;MnO,. The ratio of
ethanol/water was varied from 60% ethanol to 80% ethanol in water solution. By
varying the ratio of ethanol to water, the deposition temperature, which was
monitored at the substrate surface, changed accordingly as described in Table 4.2.

All other parameters were kept constant as shown in Table 4.1.

Table 4.1 : Fixed parameters in the effect of ethanol/water ratio depositions

Concentration of the precursor solution 0.05 Molar
Distance between the spray nozzle and the substrate 12 cm

Flow rate of the precursor solution 12 ml/min
Pressure of the compressed air 22 psi

Table 4.2 : Deposition of La,,,Sr, ,;MnO; at various ethanol/water ratios.

Ethanol/water Deposition temperature Comments
ratio °O)
80/20 770-810 Powdery film with fine particles
(1pm)
75125 720-780 Porous film of fine particles (1jm)
70/30 650-690 Uniform porous film of large
particles (10-20 pm)
60/40 470-520 Nearly dense film with large

particles (10-20 pm)
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. 20 pm

25 um

Fig. 4.2 : Surface morphology and cross-sectioned films deposited at various

ratios of ethanol to water ; (a) 80/20, (b) 75/25, (c) 70/30, and (d) 60/40.
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Fig 4.2 (a)-(d) shows clearly the surface morphology and the cross-section of
as-deposited films produced using various ethanol/water ratio 80/20, 75/25, 70/30,
and 60/40 respectively. The 80/20 film is very powdery and the film can be removed
easily. However, the powder produced is very fine of size, ~1 micron. The film
from 75/25 ratio also has fine particle size of ~1 micron, but they are packed together
better than the film produced by 80/20 ratio. This creates a porous film of fine
particles with some pores. When the ratio is reduced to 70/30, the film produced has
uniform porosity, with larger size of particles of around 10-20 microns. This film
adheres to the substrate better than 80/20 and 70/30 ratios. At very low ethanol/water
ratio of 60/40, the film deposited is nearly fully dense. However, large individual
particles are still visible (~10-20 microns). The deposition rate is fairly high of

around 1-2 microns per minute.

The effect from the thermal environments has been reported by Wiedmann et
al. [182] and Viguie et al. [183] to show the similar phenomena from the shape of a
combustion zone. They are summarised in Fig. 4.3. At high ethanol ratio, the range
of deposition temperature is high since ethanol acts as a fuel for combustion.
Comparing the same distance between the spray nozzle and the substrate, the
combustion range of the high ethanol/water ratio deposition is over a longer distance
as in Shape C. By the time all the combusting species reach the substrate, the
temperature is high, since the combustion process still continues. The difference of
temperatures in the combustion and the substrate is fairly low. Since the ratio of
ethanol/water is high, the fuel is rich, most of species combust and react readily
before reaching the substrate; as a result, the deposited particles have very fine sizes.
At high substrate temperature, all the chemical reaction takes place in the gas phase,

this process is called homogeneous gas phase nucleation.

When the ratio of ethanol/water is low enough to yield the combustion zone
of Shape B, the deposition temperature is lowered. This also corresponds to the
lower substrate temperature where the heterogeneous reaction occurs at the vicinity

of the substrate resulting in a dense film.
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In case the ratio of ethanol/water is in between the ratios mentioned above,
the combustion due to ethanol occurs at a much shorter length of distance, between
Shape B and Shape C. The maximum temperature in the combustion zone is
approximately the same as that of the high ethanol ratio, which is around 1000°C,
where the maximum temperature at the tip of the flame torch is around 1200°C.
However, the heat convected/radiated to the substrate, is lower, since the distance
between the combustion range and the substrate is higher than at the high
ethanol/water ratio. The combustion is not complete within the combustion zone,
therefore some aerosol droplets agglomerate and deposit as a porous film. During
the deposition, particles grow and form a more densely packed film as the ratio of

ethanol/water is reduced.

The combustion zone of Shape A only occurs when the ratio of ethanol/water
is very low that the fuel is not sufficient to combust all the droplets. The droplets
then splash on the heated substrate. The solvent evaporates and leaves a dry
precipitate, producing a flaky, amorphous film as the decomposition is not complete.

The deposition temperature is very close to the temperature at the hot plate.
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Fig. 4.3 : A sketch of the relationship between the combustion zone and the

deposition process.

The same precursor solutions as those used previously, were delivered at a
flow rate of 10 mlI/min. All other parameters were kept constant as outlined in Table

4.1. Table 4.3 gives a summary of the results.
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Table 4.3 : Deposition of La,s,Sr,,;;MnO; at various ethanol/water ratios at the

flow rate of 10 ml/min.
Ratio of ethanol/water Deposition temperature (°C) Comments
80/20 680-720 Powdery
75/25 670-700 Porous film of fine particles
(1-2 pm)
70/30 480-540 Densely packed big particles
(10-20 pm)
50/50 300-350 Dense but flaky film

This set of results, shows the same trend as those mentioned above.
However, the deposition temperatures are lowered as the overall amount of fuel and
aqueous solution are reduced. It is obvious from Fig. 4.4 (a) that the particles are
finer than those in Fig. 4.2 (a), i.e. < 1 um, due to lower flow rate but follows the
same trend of the combustion zone of Shape C. Fig. 4.4 (b) also shows a lower
degree of agglomeration in the microstructure, than in Fig. 4.2 (b). The film in Fig.
4.4 (¢) is more densely packed than that in Fig. 4.2 (c), although the sizes of particles
are similar. This is because the deposition temperature was brought down nearly
150°C and the deposition process has become the heterogeneous reaction or the
combustion zone of Shape B. For the low ethanol/water ratio, Fig. 4.4 (d), a flaky
film was obtained as the amount of ethanol in the solution was not sufficient and the

aerosol then splashed on the substrate, followed the combustion zone of Shape A.

The difference between the combustion temperature and the substrate temperature
was slightly greater than 500°C so that as soon as the film was deposited on the

substrate, cracks due to thermal shock formed.
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Fig. 4.4 : Surface morphology and cross-section of films deposited at varw ratios
of ethanol to water ; (a) 80/20, (b) 75/25, (c) 70/30, and (d) 50/50. The

Slow rate of the precursor solution was 10 ml/min.
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4.1.1 CRYSTAL STRUCTURE

Films deposited at various deposition temperatures as discussed above were
examined using X-ray diffractometer to identify phases present. The LSM peaks
detected refer to the phase of La, ;Sr,,MnO, from the standard powder diffraction file
[184] (for details see the appendix). Table 4.13 shows a summary of the results.

Table 4.4 : Phases identification of films deposited at various temperatures.

Deposition temperature (°C) Phases and comments
680-710 sharp crystalline peaks of LSM
650-690 sharp crystalline peaks of LSM
480-530 a few peaks of LSM on broad haloes
300-350 no peaks

Each peak indicates the d-spacing of a specific plane in the crystal structure.
In a polycrystalline structure, peaks from various planes are detected, since grains are
randomly oriented. For an amorphous structure, a diffuse background is present
since there is no specific orientation or crystal structures. Phases present in these
films are dependent on the deposition temperature. Crystalline peaks were only
present at high deposition temperature, while an amorphous film was obtained at
very low deposition temperatures (< 350°C). For deposition between 480°C-530°C,
there are only few peaks indicating that the LSM phase are present. However, these
are present on broad haloes, which specifies that the film is not fully crystalline. Fig.
4.5 compares the above XRD patterns from high deposition temperature and low

deposition temperature.

It is important to note that peaks from the YSZ substrate are detected when

the films are not very thick and quite porous or powdery.
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Fig. 4.5 : XRD patterns of LSM films deposited at (a) 680°C-710°C, (b) 650°C-
690°C, (c) 480°C-530°C, and (d) 300°C-350°C.
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4.2 FLOW RATE OF PRECURSOR SOLUTION

The effect of flow rate of the precursor solution on the deposition of LSM
was investigated using two sets of experiments. Two A-site deficient LSMs used in
this investigation as they are more stable in contact with YSZ as discussed in Chapter
2. LaygSry sMnO; and (Layg,S1y,)0oMnO; were designated as LSMO0.61 and
LSMO0.9 respectively. Investigations on the flow rate, were carried out using two

ratios of ethanol/water, 80/20 and 70/30.

4.2.1 La,,Sr,,,MnO;,

In this set of experiments, a wide range of flow rates was investigated. All
three experiments were carried out at a fixed deposition temperature (700°C-800°C)
by varying the position of the flame torch. Other parameters were kept constant
(section 4.1). The ratio of ethanol/water used was 80/20. A summary of the results
is listed in Table 4.5 below.

Table 4.5 : Results of LSM0.61 films deposited at various flow rates.

Flow rate (ml/min) Comments
55 Powdery of fine particles
10 Uniform porous film with agglomeration
17 Nearly dense film with cracks

The morphology and cross-section of these films are shown in Fig. 4.6 (a)-(c).
At a low flow rate, the film tends to be more powdery, and at higher flow rate, films
are more densely packed. The reason is as discussed earlier in section 4.1. At the
low flow rate (5.5 ml/min), the combustion and decomposition reactions were
completed in the gas phase, therefore, the deposited film was powdery (the
combustion zone of Shape C). At the high flow rate (17 ml/min), the reactions
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mentioned earlier have not been completed at the time the droplets reached the
substrate but reacting at the vicinity of the substrate, resulting in a relatively dense
film (the combustion zone of Shape B). Nevertheless, some cracks were present in
the dense film due to a thermal stress on a thin dense film, which is not as tolerant as

a thin porous film.

Fig. 4.6 : Surface morphology and cross-sectioned of LSM0. 61 films deposited at
a) 5.5 ml/min, b) 10 ml/min, and c) 17 ml/min.
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4.2.2 CRYSTAL STRUCTURE

When the flow rate varies in a wide range as in section 4.2.1, the XRD
patterns are different although the deposition temperature is controlled in the same
range from 700°C-800°C. The major difference is the substrate peaks. As the film
produced from the high flow rate (17 ml/min) deposition is much denser and thicker,
than the film produced at the low flow rate (5.5 ml/min), which is a thin powdery
layer. As a result, the substrate peaks are more easily detected and the film is more
crystalline than the film deposited at the high flow rate. The LSM peaks are very
similar in the shapes and degree of crystallinity. Both patterns are compared in Fig.
4.7. At the low flow rate (5.5 ml/min), traces of La,Zr,0, are detected in addition to
LSM peaks.

La,Zr,0, is not desirable in the application of an SOFC cathode. However, it
is commonly detected for low dopant concentration as manganese diffuses to YSZ
and the remaining lanthanum reacts with YSZ. This acts as an insulating layer and
creates thermal stresses at the interface [7]. La,Zr,0, has poor electrical conductivity
and the coefficient of thermal expansion is not compatible with that of YSZ

[111,115,185].
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Fig. 4.7 : XRD patterns of LSM films deposited in section 4.2.1 at flow rate (a) 5.5
ml/min, (b) 10 ml/min, and (c) 17 ml/min.

4.2.3 (Lao.s25r0.18)0.sMNO;

From the wide range of flow rate examined in section 4.2.1, a smaller range of
flow rate is indicated if a porous film is desirable in additional to the desirable crystal
structure studied from section 4.2.2. The flow rate of the precursor solution in this
section was varied from 10 ml/min. to 15 ml/min using two ratios of ethanol/water;

80/20 and 70/30. Other parameters are kept constant as detailed in section 4.1. The
results are summarised in Table 4.6.
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Table 4.6 : Results of LSMO0.9 films deposited at various flow rates.

Ratio of Flowrate Deposition temperature Comments
ethanol/water (ml/min) °O)
80/20 10 700-750 Powdery with very fine

particles (< 1 um)
80/20 12 850-900 Powdery film

80/20 15 870-920 Porous film with
agglomeration (2-5 pm)

70/30 10 700-730 Porous film with
agglomeration and powdery

(5-10 pm)

70/30 12 700-750 Porous film with
agglomeration and powdery

(1-5 pm)

70/30 15 740-800 Porous film with

agglomeration and powdery

(5 um)

As the flow rates increased, the deposition temperatures increased. For the
80/20 ratio, films were powdery when deposited at relatively low flow rate. At
higher flow rate, particles tended to agglomerate, and form a good adhesion film with
a porous microstructure (Fig. 4.8 (c)). In the case of 70/30 ethanol/water ratio
solution, the effect of flow rate is not as obvious as the 80/20 ratio. Nevertheless, the
more desirable uniform porous structure, is obtained when the flow rate is high (15
ml/min), instead of some particle agglomeration at low flow rate (10 mlI/min). In
addition, at the flow rate of 15 ml/min, the deposited film is less powdery than those
deposited at 10 and 12 ml/min.
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All the films obtained in this section, the deposition process corresponds to
the combination of the combustion zones of Shape B and C is dominant. At low flow
rate, amount of aerosol containing LSM ionic species per unit area is lower when
considered in 2 dimensions. When the droplets reach the substrate and react, the
deposited film incorporates more dispersed particles per unit area than in the high
flow rate solution, where the droplets are closer together, resulting in a film of
packed particles. Furthermore, the deposition temperature depends on the amount of
ethanol in the solution. At high flow rates, the amount of ethanol in solution per unit
volume is greater than at low flow rate, therefore, the deposition temperature is
higher. From this reason, the microstructure patterns should follow those in the
previous sections. Although, these two processes are counteracting, the effect due to
the amount of vapour species in a unit area is much more dominant in this set of

investigation judging from the morphology of deposited films.

’
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Fig. 4.8 : Surface morphology and cross-sectioned LSM0.9 films deposited using 80/20
ethanol/water ratio at (a) 10, (b) 12 ml/min (cont.).
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Fig. 4.8 : Surface morphology and cross-sectioned LSM0.9 films deposited using 80/20
ethanol/water ratio at, (c) 15 ml/min, and 70/30 ethanol/water ratio at (d) 10,
(e) 12, and ( f) 15 ml/min.
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4.2.4 CRYSTAL STRUCTURE

The XRD patterns of films deposited in section 4.2.3, where the flow rate
varies from 10-15 ml/min and the deposition temperature varies from 700°C-920°C,
are very similar. A typical XRD pattern is shown in Fig. 4.9. All of them show
characteristic LSM peaks. This may lead to a conclusion that at relatively high
deposition temperatures, the deposited LSM films are crystalline and the slight
variation of the flow rate does not affect the crystal structure of deposited films.
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Fig. 4.9 : A typical XRD pattern of LSM film deposited in section 4.2.3.
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4.3 PRESSURE OF THE COMPRESSED AIR

The pressure of the compressed air which was used to atomise the precursor
solution was varied. The system can only operate efficiently within a narrow
pressure range, 17-30 psi. The precursor solution used was for the deposition of

Lay 4,81, ,sMnO;. The controlled process parameters are listed in Table 4.7.

Table 4.7 : Controlled parameters for the investigation of the pressure of the

compressed air.
Concentration of the precursor solution 0.05 Molar
Ratio of ethanol/water 70/30
Distance between the spray nozzle and the 12cm
substrate
Flow rate of the precursor solution 12 ml/min.

Results of each film deposited at various pressures are summarised in Table
4.8. This includes results identified from X-ray diffraction patterns of the as

deposited films.

Table 4.8 : Results of La, ;,Sr, ;MnO,; films deposited at various pressures.

Pressure (psi) Deposition temperature (°C) Comments
17 720-770 Quite powdery with fine particles
22 680-730 Uniform porous
26 450-500 Packed particles

Fig 4.10 (a)~(c) shows large variations in the microstructure, due to the

changes of compressed air pressures. At low pressure, the film was powdery of fine
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particle sizes, smaller than 2 microns. When pressure was increased, the film was
more densely packed with larger particle sizes of up to 20 microns. For the film
deposited using 26 psi compressed air, the LSM film was not electrically conducting.
However, after annealing at 900°C for 2 hours, it became an electrical conductor.

The electrical conductivities are discussed in the next chapter.

19030900 1 85KV

Fig. 4.10 : Surface morphology and cross-sectioned of La,s,Sry;;MnO; films
deposited at (a) 15 psi, (b) 22 psi, and (c) 26 psi.
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The total mass flow, is the sum of the precursor solution and the compressed
air. When the compressed air pressure is lowered, the amount of compressed air is
also lowered, but it raises the ratio of the precursor solution to the total mass flow.
As a result, the deposition temperature is increased, but increasing the compressed air
pressure lowers the deposition temperature dramatically. Moreover, the compressed
air was at room temperature, therefore, it was acting as a stream of cool air and hence
lowered the deposition temperature. The effect of deposition temperatures on the
microstructures of the films is similar to the effect of ethanol/water ratio in the
precursor solution. Fig. 4.11 shows the sketch of deposition processes at various
compressed air pressures. At low air pressure, the deposition process is similar to
the combustion zone of Shape C and at high air pressure, it is similar to the

combination of combustion zone of Shapes B and C.
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Fig. 4.11 : A sketch of deposition processes at various compressed air pressures.
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4.3.1 CRYSTAL STRUCTURE

When the pressure of compressed air was altered, the deposition temperature
varied and so did the microstructure. The crystallinity of films was seen to be similar
from the XRD patterns in Fig. 4.12. The substrate peaks from the deposition at 17
psi were more obvious, due to the film being a thin powdery layer. The LSM film
deposited at 26 psi was not electrically conducting as it was showing amorphous noise
background. After annealing at 900°C for 2 hours, this film was more crystalline.
The film deposited at 17 psi shows traces of La,Zr,O, phase. This reaction product is
undesirable for the SOFC cathode as discussed earlier.
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Fig. 4.12 : XRD patterns of LSM films deposited at (a) 17 psi, (b) 22 psi, (c) 26
psi, and (d) 26 psi after annealing.

110



4.4 DISTANCE BETWEEN THE SPRAY NOZZLE AND
THE SUBSTRATE

The aim of these experiments was to deposit two different compositions of
LSM over a wide range and a short range of distances between spray nozzle and
substrate, d. They are Layg St,,sMnO; and La,g,Sr,,sMnO;, designated LSMO0.61

and LSM, respectively. Other controlled process parameters are listed in Table 4.9.

Table 4.9 : Controlled process parameters in the deposition of La, ,Sr.MnO; at

various distances

Parameters LSMO0.61 LSM
Concentration of the precursor solution (Molar) 0.05 0.05
Pressure of the compressed air (psi) 22 22
Flow rate of the precursor solution (ml/min) 10 10 and 12
Ratio of ethanol/water of the precursor solution 80/20 75/25
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4.4.1 La,,,Sr, ,;MnO,

Table 4.10 is a summary of the results of LSMO0.61 films deposited at a wide

range of distances.

Table 4.10 : Results of LSMO0.61 films deposited in the investigation of the effect of

d.
Distance d Deposition Comments
(cm) temperature (°C)
8 500-830 Smooth film with fine pores and lots of cracks
poor adhesion
12 700-800 Uniform porous with some agglomeration
(1-5 pm)
16 560-730 Powdery with fine particles (1-2 pm)

The microstructure of the film deposited at a distance of 8 cm, shows a lot of
cracks on a smooth film. The cracks are due to the large temperature fluctuation
during deposition (Fig 4.13 (a)). On the smooth surface itself, some fine pores are
visible due to the rapid cooling process. The adhesion between the film and the
substrate was very poor. Fig 4.13 (b) shows the typical microstructure of a film with
uniform porosity and some agglomeration, as explained earlier. When d was sct at
16 cm, fine particles were deposited on the substrate. The sizes of particles were

fairly uniform, ranging between 1-2 microns in diameter.

At the distance 8 cm, the substrate was very close to the combustion zone and
as a result, the droplets were deposited as a dense film. This was because the
combustion and decomposition reactions took place at or near the surface of the
substrate. However, when the distance was too low, cracks were obvious from

thermal shock effects due to the pulsations. When d was at 16 cm, the combustion
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process was complete before reaching the substrate. The dominant reaction was the
homogenous gas phase nucleation. Moreover, by the time the droplets reached the
substrate, thir momentum was reduced and ther::f)articles did not pack, resulting as a
powdery surface. The relationship between d and the deposition process in the

combustion zone is shown in Fig. 4.14.
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Fig. 4.13 : Surface morphology and cross-sectioned LSM0.61 films deposited at
distance (a) 8 cm, (b) 12 cm, and (c) 16 cm between the spray nozzle

and the substrate.
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Fig. 4.14 : A sketch of the deposition process at various distances in the

combustion zone.

From Table 4.10, it can be clearly seen that at 8 cm and 16 cm distances, the
deposition temperatures were too difficult to control within a range of + 50°C as in
previous sections. It is important to remember that the combustion range is the same
for both distances. However, due to the greater distance between spray nozzle and
the substrate, amount of heat convected/radiated will be lower for the greater distance
and vice versa. The combustion zone is fixed, since the flame torch was at a fixed
distance from the spray nozzle. While other controlled parameters are kept constant
throughout the investigations, the distance d is the only variable factor. A peristaltic
pump was used to control the flow rate of a precursor solution, the solution was
sprayed in regular pulses. Between any two pulsations, only compressed air was
sprayed through the nozzle and there was no solution present. This resulted in
temperature fluctuation during deposition. This problem from pulsations seems to be

pronounced when the distance d is at the two extreme ends.
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4.4.2 CRYSTAL STRUCTURE

Films from section 4.4.1 were analysed and La, sSto,MnO; phase was detected
in all deposited film, however, traces of impurities were different. The XRD pattern
of the film from distance 8 cm, shows an amorphous phase and LSM phase of low
degree of crystallinity, while the pattern of longer distances shows more crystalline
films. Peaks representing La,Zr,O; phase were detected in the pattern, for the
distance 16 cm film. These two patterns are displayed in Fig. 4.15.
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Fig. 4.15 : XRD patterns of films deposited at distance (a) 16 cm and (b) 8 cm
between the spray nozzle and the substrate.
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443 LSM

Results from the previous section have clearly shown that the optimum
distance is around 12 cm. Further investigation was carried out for a more desirable
ratio of ethanol/water at 75/25 judging from the results in previous investigations in
section 4.1 and at shorter range of d. Two flow rates of precursor solution were
selected for the comparison purpose. Table 4.11 is a summary of details and

comments for this set of experiments.

Table 4.11 : Results of LSM films deposited in the investigation of the effect of d.

Distance Flow rate Deposition Comments

(cm) (ml/min) temperature (°C)

10 12 750-780 Uniform large particles porous film (5-10 um)
12 12 700-800 Uniform porous film (~1 um)

10 10 680-750 Porous fine particles film (< 1 um)

12 10 670-730 Porous fine particles film (< 1 pm)

The film produced, at the flow rate of 12 ml/min and distance of 10 cm has a
uniform porosity, where the sizes of particles are 5-10 microns (Fig. 4.16 (a)). When
the distance is increased to 12 cm, sizes of particles were reduced to 1-2 microns,
with some agglomeration and as a result, the film is more porous (Fig. 4.16 (b)). At
a low flow rate, the microstructure of deposited films, are similar for both distances
of 10 cm and 12 cm (Fig. 4.16 (c) and (d)). They are very porous and the sizes of

particles are the same, <1 micron for particles and 1-5 microns for agglomerations.

For the low flow rate, d can also be used as an indication of the distance
between combustion zone and substrate, since all other parameters are kept constant.

The deposition temperature then follows the same pattern as discussed in section
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4.4.1. Nevertheless, when the flow rate is increased, the results do not obey the same
pattern. Combining this set of results with those in section 4.4.2, it may be
concluded that the combustion zone has extended to some distance beyond the
substrate. As the heat generated by combustion, flows in the direction towards the
substrate, the end of the combustion zone tends to increase the temperature at that
position. At a distance of 10 cm, the deposition temperature is slightly lower than
that at 12 c¢m, therefore the particles in the deposited film grow faster, which results
in larger particles than those deposited at 12 cm for the same deposition time. A
higher flow rate promotes the effect, whilst there is no indication of this at lower

flow rate.
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Fig. 4.16 : Surface morphology and cross-sectioned LSM films deposited at distance (a)
10 cm, and (b) 12 cm and the flow rate 12 ml/min. (c) and (d) are at distance 10
cm and 12 cm at the flow rate 10 ml/min.



45 CONCENTRATION OF THE PRECURSOR
SOLUTION

In previous sections, many variable parameters have been discussed. The
remaining parameter of a significant effect, is the concentration of the precursor
solution. As the nitrate powders of La, Sr, and Mn are dissolved in water and ethanol
to make a solution of a desired concentration. The concentration variation influences

the deposited films.

The composition of LSM in this set of experiments was La, 4,51, ;sMnO,. The
concentration was varied from 0.01 Molar to 0.1 Molar. At each concentration, a
range of ethanol/water ratios was used. The controlled process parameters were kept
constant throughout the investigation as specified in Table 4.1. Results of each

deposition are summarised in Table 4.12.
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Table 4.12 : Descriptions and comments of LSM film in the investigation of

precursor concentration.

Concentration Ratio of Deposition Comments
(Molar) ethanol/water temperature
O

0.1 80/20 750-780 Powdery with agglomeration

0.1 75/25 700-750 Uniform porous with agglomeration

0.1 70/30 690-730 Uniform porous with agglomeration

0.1 60/40 270-300 Dense film with lots of cracks
0.075 80/20 750-785 Fine particles with agglomeration
0.075 75125 680-720 Porous with agglomeration
0.075 70/30 670-710 Uniform porous with some necking
0.05 80/20 770-810 Powdery of fine particles

0.05 75/25 700-800 Uniform porous with agglomeration
0.05 70/30 650-690 Uniform porous with agglomeration
0.05 60/40 470-520 Densely packed large particles
0.025 80/20 890-950 Very fine particles
0.025 75125 800-840 Fine particles with agglomeration
0.025 70/30 690-740 Uniform porous
0.025 65/35 650-720 Porous with some necking

0.01 80/20 800-850 Powdery of very fine particles
0.01 70/30 720-750 Powdery of very fine particles
0.01 60/40 500-550 Porous of fine particle with

agglomeration
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Figs 4.17, 4.18, 4.19, 4.20, and 4.21 show the microstructures of the
deposited films with varying concentration. In Fig. 4.17, only at the ratio of 80/20
produces a film that is powdery, and has the agglomeration size of 1-5 microns.
When the ratio of ethanol/water is decreased, the microstructure seems to have
uniform porous, with 5-10 microns agglomeration. A dense, amorphous film was
obtained at 60/40 ratio, but the temperature was too low (270°C-300°C), and as a

result cracks, due to thermal shock.

In Fig. 4.18, where the concentration was 0.075 mol, finer particle size was
obtained, even the agglomeration sizes are reduced. At 70/30 ratio, necking process

occurs resulting in more densely packed particles.

When the concentration was equal to 0.05 mol, the deposited films were
powdery for both 80/20 and 75/25 ratios (Fig. 4.19 (a) and (b)). The film is porous
only for the 70/30 ratio, with particles of size 2 microns and some agglomeration

(Fig. 4.19 (c)). At the ratio 60/40, large particles are packed together as shown in
Fig. 4.19 (d).

Fig. 4.20 shows the microstructure of deposited films when the concentration
was set at 0.025 mol. At 80/20 and 75/25 ratios, very fine particles are present,
however, at 75/25 ratio, there is some agglomeration. The film is porous only when
the ratio is at 70/30, with 1-2 microns size particles (Fig. 4.20 (c)). The
microstructure is porous with agglomerated particles at the ratio of 65/35. Particle
size is also large, ranging from 2-5 microns in diameter (Fig. 4.20 (d)).

Very fine particles of a size smaller than 1 micron are obtained for the ratios
of 80/20 and 70/30, when the concentration is 0.01 mol, Fig. 4.21 (a) and (b). Porous
structure with agglomeration is observed at lower ethanol/water ratio of 60/40 in Fig.

4.21 (c).
The overall trend is that the deposition temperature increases as the

concentration is reduced. In the combustion reaction, sufficient heat from the

combustion of ethanol, is required to combust the species in the aerosol droplets.
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The heat provided by the ethanol combustion triggers the combustion of these
species, which on its own is an exothermic reaction. When the amount of aerosol
species is reduced, the total heat generated by the ethanol combustion and from the
exothermic reaction of species is increased. Therefore, the deposition temperature of
the same ethanol/water ratio is increased, by decreasing the concentration.
Nevertheless, at very low concentration, 0.01 mol, the heat released from the
exothermic reaction of metal species is negligible, thus reducing the total heat

generated and therefore the deposition temperature drops.
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Fig. 4.17 : Surface morphology and cross-sectioned LSM deposited from 0.1 Molar
precursor solution at ethanol/water ratio (a) 80/20, (b) 75/25, (c) 70/30,
and (d) 60/40.
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Fig. 4.18 : Surface morphology and cross-sectioned LSM deposited from 0.075
Molar precursor solution at ethanol/water ratio (a) 80/20, (b) 75/25,
and (c) 70/30.
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Fig. 4.19 : Surface morphology and cross-sectioned LSM deposited from 0.05
Molar precursor solution at ethanol/water ratio (a) 80/20, (b) 75/25, (c)
70/30, and (d) 60/40.
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Fig. 4.20 : Surface morphology and cross-sectioned LSM deposited from 0.025
Molar precursor solution at ethanol/water ratio (a) 80/20, (b) 75/25, (c)
70/30, and (d) 65/35.
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Fig. 4.21 : Surface morphology and cross-sectioned LSM deposited from 0.01
Molar precursor solution at ethanol/water ratio (a) 80/20, (b) 70/30,
and (c) 60/40.
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The sizes of particles were varied with the concentration, although they were
deposited at the same ratio of ethanol/water. The size of particles was largest at high
concentration and smallest at low concentration. The degree of agglomeration also
depended on the precursor concentration. More agglomeration was obtained at high
precursor concentration, which also produced large particles. The porosity is
influenced by these parameters forming large particle size together with high degree
of agglomeration, associated with a high porosity fraction.

A similar influence has also been observed by S.C. Zhang and G.L. Messing
[186] in that the size of particle formed depended on the concentration of the solution
using a spray pyrolysis technique to produce zirconia particles. The size of particle

was smaller when the concentration of a solution was reduced.

The effect of precursor concentration variation on the microstructure can be

seen in the proposed mechanism in Fig. 4.22.
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Fig. 4.22 : A sketch of particle agglomerations when the concentration of the

precursor is (a) low, (b) moderate, and (c) high.
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4.5.1 CRYSTAL STRUCTURE

XRD patterns of LSM films deposited using different concentrations of
precursor solution, were analysed. The comparison was made between films
deposited at the same range of deposition temperature, since this is more critical than
the same ratio of ethanol/water. The range used was from 680°C-750°C. All of them
showed similar patterns of La, ;Sr,,MnO; phase. Since their microstructures, were
not the same, the XRD line broadening method was used to calculate the crystallite
size. Assuming that no line broadening due to residual stress occurred, the
broadening was attributed to the crystallite size solely. There was no significant
difference in the crystallite size and the size was around 200 A° £10%. Impurity

traces were detected from the XRD patterns. They are summarised in Table 4.13.

Table 4.13 : Impurity phases in different concentration of the precursor solution.

Concentration (mol) Deposition temperature (°C) Impurity phase

0.1 700-750 -
0.075 680-720 -
0.05 680-730 -
0.025 680-710 La,Zr,0,
0.01 720-750 La,Zr,0,

From this trend, La,Zr,0, phase is more favourable at low concentration of
precursor solution and the deposition temperature is not as important as the

microstructure of the film.
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4.6 STOICHIOMETRY STUDY OF LSM

La, ¢,Sr, ,sMnO, powder from 80/20 and 70/30 ethanol/water ratio precursors,
were deposited using the same conditions listed in Table 4.1. The deposition

temperatures of the substrate, where powder was collected from, was 900°C-1000°C.

The amount of elements contained in these two kinds of LSM powder was
analysed using an atomic absorption spectrometry. This analysis was carried out in
the Geology Department by Mr. P. Watkins. The method is based on the absorption
of ultraviolet or visible light by gaseous atoms. The sample atomic vapour was
produced by spraying the sample solution into a flame. The typical light source used
was a hollow-cathode lamp containing the element to be determined. The unexcited,
neutral atoms of this element within the flame absorb at precisely the wavelength
emitted by the light source. Both the emission lines (wavelengths) of the light source
and the absorption lines of the same element in the flame, have a narrow wavelength
spread. Interference from the spectral lines of other elements is almost impossible.
The sensitivity for most elements is about 1 ppm (1 micro gram per ml of solution)

or less.

The deposition temperatures at the substrate and results from this analysis are

summarised in Table 4.15.

Table 4.14 : Deposition temperatures and stoichiometry of La : Sr : Mn.

Ratio of Deposition Stoichiometry of Stoichiometry of
ethanol/water temperature (°C) solution powder
70/30 900 0.80:0.18:1 0.78:0.18:1
80/20 1000 0.80:0.18:1 0.77:0.18: 1
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The error involved in this method is £0.01 mol %. XRD patterns show that
both powders predominantly consist of La,sSro.MnO; phase. However, traces of
LaMnO; were present in the powder deposited at 1000°C and 900°C, respectively as
shown in Fig. 4.23 (a) and (b). The powder deposited from a higher ethanol/water
ratio precursor, 1000°C, shows a large number of characteristic peaks and is more
crystalline. Although these powders were deposited at high temperature and of
powdery forms, impurity phases were not detected. This confirms that the La,Zr,0,
phase present in other high deposition temperature and powdery films is the reaction
product when YSZ was in contact during deposition.
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Fig. 4.23 : XRD patterns of LSM powder from (a) 70% and (b) 80% ethanol/water.
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4.7 CHEMICAL REACTIONS

As described earlier in Chapter 3, on the experimental procedures, the
precursor solution consists of many chemicals, in order to tailor a multi-component
oxide. In this section, only an example of LSM deposition is discussed, as a case

study.
The precursor solution for LSM deposition consists of :
La(NO,),-xH,0
Sr(NO,)
Mn(NO;),-6H,0

(x in general equals to 6, therefore, x is assumed to be 6 for the discussion)

These nitrates are naturally combustible when ignited, thus, they are suitable
for the combustion reaction. These three nitrate powders were measured to the molar
ratio of 0.82:0.18:1 to yield the final La,g,Sr, ;sMnO, film. The mixed powder was
then dissolved in deionised water. All the chemicals readily dissolved in water as

they are hygroscopic. The dissociation reaction can be written as

H,0 -
La(NOs); -6 H,0,y — 2% Lai, + 3(NOs ) ) + 6 Hiy + 60H,)

The dissociation reaction 4.1 can be applied to Sr(NO,) and Mn(NO;),-6H,0.

Therefore, only La®* will be discussed but is applicable to other cations too.

Ethanol was added to the dissolved solution to make a required concentration
solution. The role of ethanol is to increase the flammability of the solution and act as

a fuel for the combustion reaction.
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When the precursor solution was atomised through the air atomiser, the
pressure applied in this pneumatic atomiser, broke the solution into fine mist,
aerosol. The size of droplets atomised from this spray nozzle is in between 10-120

microns depending on the air pressure.

The atomised droplets were ignited using a flame torch (methane), causing a
combustion reaction. The processes involved during the rapid combustion, are
combustion and decomposition of aerosol. The heat of combustion of ethanol
provides the energy for the overall reaction; therefore, the ratio of ethanol in the
precursor solution is vital. Many reactions occurred simultaneously, but they are
written separately to avoid confusion. The combustion reaction of ethanol occurs

provided that there is sufficient oxygen in air :

CoH;OH ) +30y,) —E252C0y ) +3H,0 - 4.2

and the aerosol from reaction 4.1 can be written as :

Lajggy +3(NOs oy + 6 Higgy + 60Hgy) 43

bust
— o 1 Lay0y) + 3 Ny + 6 H, Oy + 5 Oy

From reaction 4.3, there is an abundance of oxygen gas produced, which can then
enhance the combustion of ethanol in reaction 4.2 and continue the cycle of

reactions.

Since three metal cations (La®, Sr', Mn*") were mixed together, the oxide
component deposited was not La,0,, though this phase could be detected. The

reaction forming perovskite is :
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0.82La’}, +0.188rs ) + MnZs) + 30 ()

(ag)
----- 4.4
—combuston_, Lay g5y 1sMnOy)
The overall reaction can then be written as :
0.82[ La(NOy), -6H20](s) +0.18[Sr(NO; )](,) + Mn(NO;)-6 H,0,, 45

- LaO.SZSro,,sMnO%,) + 232N2(g) + 10.92H20(g) + 5'4602(8')

The phase present in reaction 4.5, is for an ideal situation. Practically, other
phases of reaction products could be detected from XRD patterns as mentioned in the
previous chapters. At this composition of LSM, a typical phase that coexists with
LSM, is La,0,; [187], however the phase of La,Zr,0, was constantly detected as a

reaction between lanthanum and YSZ.
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4.8 TEMPERATURE DISTRIBUTION

Two precursor solutions consisting of 80% ethanol and 70% ethanol for the

deposition of LSM were used for this investigation. Both depositions were set at the

same parameters except for the ratio of ethanol to water. The controlled parameters

are summarised in Table 4.15.

Table 4.15 : Parameters used for the temperature distribution investigation.

Concentration of the precursor solution 0.05 mol
Distance between the spray nozzle and the substrate 12cm
Flow rate of the solution 12 ml/min
Compressed air pressure 22 psi

The temperature distribution results are sketched in Figs. 4.24 and 4.25.

There were measured using a type K thermocouple (-50°C - 1300°C). During the

measurements, the temperature at the flame fluctuated around + 50°C due to the

pulsation from the peristaltic pump and because this deposition process was carried

out in an open air.
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Fig. 4.24 : A sketch of a temperature distribution of FAVD technique for the 80 %
ethanol precursor solution
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Fig. 4.25 : A sketch of a temperature distribution of FAVD technique for the 70 %
ethanol precursor solution
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From Figs. 4.24 and 4.25, the temperature distribution varies with the amount
of fuel (ethanol) in the precursor solution. However, characteristics are similar. The
temperatures measured at the substrate surface and on the side are consistent with the
results mentioned earlier in this chapter, the deposition temperature increases with

the ratio of ethanol to water.

The position in which the deposition temperature is measured, must be
accurately controlled within the range of + 10°C, so that the results are consistent.
The position where the deposition temperatures were monitored in this thesis, was

next to the substrate, slightly below the surface.

These two sketches are comparable with the temperature contours obtained
from the computer modeling in Chapter 7, which confirms the accurate trend of the

modeling results.
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4.9 SUMMARY

The investigations of various deposition parameters have shown significant
changes in both microstructures and phases of LSM films produced. Desirable
microstructures could be obtained simply by adjusting these deposition parameters

accordingly.

In conventional CVD reactions, the deposition temperature is the critical
variable for the control of microstructure irrespective of whether they are
homogeneous reactions or heterogeneous reactions. However, in FAVD there are
more variables and the deposition temperature alone cannot produce a change in the

reactions without varying at least one other parameter.

In FAVD, a film deposited at high temperature is more powdery and
crystalline than that deposited at lower temperature as the dominant reaction is
governed by gas phase nucleation as in Fig. 4.2 (a) and 4.4 (a). The temperature can
be raised either by increasing an amount of ethanol in the precursor solution or
increasing the mass fraction of ethanol, or adjusting the position of the flame torch.
For powder product at high temperature, the homogeneous gas phase reactions are
dominant, which means that decomposition, combustion, and chemical reactions of
the reactants are completed within the gas phase, leading to the formation of
nucleated powders and the shape of combustion zone is in category C. Assuming the
reactant concentration is high enough, these reactions lead to gas phase nucleation,
by which a fine powder is produced. At lower temperatures where heterogeneous
reactions are dominant, the decomposition and combustion reactions occur in the gas
phase, but the reactions take place at or near the heated substrate as the combustion
zone is of shape B. Therefore, the deposited film is dense. A porous film could be
obtained by varying the parameters to lie somewhere between those of the
homogeneous and heterogeneous reactions, thus causing some particles to be formed
in the gas phase and some aerosol to react at the substrate. This yields connected

particle films. Fig 4.26 shows the first layer deposition as individual particles as well
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as the overall surface morphology of connected particle films after the complete
deposition.

The impurity phase of La,Zr,0, has been detected from many LSM films
deposited mainly at high temperature but with only powdery films and not porous or
dense films. As this reaction product occur at the interface between LSM and YSZ,
it is difficult to detect using XRD technique from the top surface as the X-ray
penetrates through a layer of LSM. This explains why the reaction product can only
be detected when the LSM film is very thin and porous, or powdery. In other films
with dense or thick porous LSM layers, there is a possibility that a reaction product
phase is present however it cannot be detected.

Fig. 4.26 : (a) surface morphology and (b) cross-section of FAVD film showing

the change from individual particles to connected particles.

All the processing parameters are influenced by the amount of fuel, the total
mass to be combusted and the position of combustion. When one parameter is
varied, at least one other parameter must be adjusted in order to maintain the original
microstructure and properties. Powdery films can be fabricated not only by having a
high ethanol/water ratio but also by using high air pressure, or by increasing the
height between the spray nozzle and the substrate. The combustion reaction was
confirmed to be completed in the deposition of this powder from the XRD spectra.
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At very low deposition temperature, especially at a low ratio of ethanol/water, the
energy provided from the combustion of ethanol is not sufficient to combust the
entire droplets, and the combustion zone is of shape A. Consequently, the droplets
were not readily combusted but splashed onto the substrate. Fig. 4.4 (d), 4.6 (c), 4.13
(a) clearly show flaky films with many pores, due to the incompleteness of the
reactions. In addition, these films have high deposition rate, and are amorphous

according to the XRD traces.

For application as cathodes in SOFCs, the film has to be porous and
crystalline, and have an appropriate electrical conductivity. The conductivity could
be improved by modifying the processing parameters and the microstructures. With
careful control over the processing parameters, the desired microstructure could be
obtained to give a film which performs as a good electrical conductor, as will be

discussed in Chapter 5.
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Chapter 5 : ELECTRICAL PROPERTIES OF
La; xSrMnO;

In Chapter 4, the relationship between microstructures of LSM and FAVD
process parameters has been discussed. This chapter presents the electrical properties
related to LSM from some deposition conditions. Additional XRD results are
included to support the electrical and electrochemical observations. The electrical
conductivity values are compared for various compositions of LSM. In addition, a
modified structure of LSM has been deposited and electrical properties have been

measured.

5.1 ELECTRICAL CONDUCTIVITY

The electrical conductivity is measured using the dc 4-point (Van der Pauw)
technique, as explained in Chapter 3. Voltages and currents across the 4 points on a
sample surface are measured at each temperature interval from room temperature to
around 800°C. The conductivity is then calculated according to the equation
described earlier in Chapter 3. The conductivity is plotted against the reciprocal of
temperature (in degree Kelvin). It follows the Arrhenius equation, from which the
activation energy of the conductivity process is then quantified from the slope of a

straight line.

5.1.1 La,;,Sr,;MnO,

There are two experimental variations in this investigation; the concentration
of the precursor solution and the pressure of the compressed air. The microstructures
of these have been discussed in sections 4.3 and 4.5. The lateral electrical
conductivity (planar or in plane) was compared at 800°C and 900°C which represent
the operating temperatures of SOFCs. It is important to note that these values are not

the measured values but extrapolated from the Arrhenius plots.
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5.1.1.1 Effect of Concentration of the Precursor Solution

All films have been deposited in the same range of temperature, however the
ratios of ethanol/water might have been varied. The controlled parameters are; the
distance between the spray nozzle and the substrate (12 cm), the flow rate of the
precursor (12 ml/min) and the pressure of the compressed air (22 psi). The process

parameters and resistivities are summarised in Table 5.1.

Table 5.1 : Lateral electrical resistivities of Lag,,Sr, ,;MnO; from dc 4-point (Van

der Pauw) technique at various precursor concentrations.

Precursor Deposition Resistivity Resistivity Activation
concentration temperature 800°C 900°C energy

(mol) “o)* (ohmcm ) (ohmcm ) (eV)

0.1 750-780 (80) 0.0526 0.0458 0.25

0.1 690-730 (70) 0.0972 0.0763 0.36
0.075 680-720 (75) 0.0917 0.0769 0.29
0.05 680-730 (70) 0.0610 0.0497 0.32
0.025 680-710 (70) 0.0495 0.0327 0.54

* The values in brackets are the percentage of ethanol in the solution.

Fig. 5.1 shows the plot of conductivity (o) versus the reciprocal of
temperature. Comparing the resistivities with the microstructures in Fig. 4.17 (a) and
c¢), the microstructures are not much different but the deposition temperature
difference is about 50°C. From the general trend of XRD results in section 4.1.1, a
film deposited at higher temperature is more crystalline than the one deposited at
lower temperature. This can be used to explain the resistivities of the 0.1 mol
concentration films. As the particle sizes and the pore sizes in the 70/30
ethanol/water ratio film are greater than those in the 80/20 ratio film due to the lower

deposition temperature as explained in section 4.1. Since a higher energy is required
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for electrons to travel across a more porous film (more gaps and less pathways), the
activation energy is then raised. These mayfaue to impurities such as silica forming

at the grain boundaries or around particles, which increase the activation energy.
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Fig. 5.1 : Conductivity of LSM films deposited at various precursor

concentrations.

The effect of the variation in concentration of the precursor solution, the
microstructures from Fig. 4.17-4.20 reveal the variation in particles and pore sizes.
When the concentration is decreased, the particles and pores sizes decrease, and so
does the resistivity, since particles are finer and more uniformly packed. However,
when films are powdery, as a result, the activation energy is raised as the particles
are loosely in contact. In principle, the activation energy is assumed to be

independent of the degree of porosity.

5.1.1.2 Effect of Pressure of the Compressed Air

Further from section 4.3, the electrical resistivities have been measured and
compared. The deposition parameters are the same as in section 4.3 and the
deposition conditions and resistivities are listed in Table 5.2.
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Table 5.2 : Lateral electrical resistivities of Las.s2Srs.:sMnO; from dc 4-point (Van

der Pauw) technique at various air pressures.

Pressure Deposition Resistivity 800°C  Resistivity 900°C  Activation

(psi) temperature (°C) (ohmcm ) (ohm cm ) energy (eV)
17 720-770 0.0685 0.0487 0.47
22 680-730 0.0610 0.0497 0.32
26* 450-500 0.1102 0.0876 0.35

* The resistivity values were measured after annealing at 900°C for 2 hours in air.

The resistivity is the lowest when the pressure is at 22 psi, as the particles are
too small at 17 psi. The activation energy at 17 psi is then very high, with the
powdery deposition. The reason of the high activation energy is as explained in
section 5.1.1.1. At 26 psi, the film consists of large particles of size 10-20 microns
and some cracks observed under an SEM. The film after deposition did not act as an
electrical conductor until after annealing in which the film became more crystalline.
The resistivity is still high compared with at lower pressures. However, the activation
energy is higher than that of 22 psi, since the gaps between particles are large and
cracks are present. The plots of conductivity (o) versus the reciprocal of temperature

are shown in Fig. 5.2.

145



10
y. & 17 psi
9tad sty - = 22psi
ol 8.5-: i A 26 psi (after annealing)
- T
E 71 ¢ A =m
1) ® A
¥ ® |
@ 6 ® a
o N
£ 51 R
- 2
4 7Y
[ J
34 *
2 + + + - .
0.0009 00014 0.0019 00024 00029 0.0034
1/Temperature (1/K)

Fig. 5.2 : Conductivity of LSM films deposited at various air pressures.

5.1.2 (L20.s2Sr0.18)0.sMNO;

In this set of results, they are designated as LSMA (analogous to sections
4.2.2). The resistivities at various flow rate and ethanol/water ratios are listed in
Table 5.3. The distance between the spray nozzle and substrate is at 12 cm.

Table 5.3 : Lateral electrical resistivities of (Lao.52570.13)0.sMnO; from dc 4-point

(Van der Pauw) technique.
Ethanol/water  Deposition =~ Flowrate Resistivity Resistivity Activation

ratio temperature  (ml/min) 800°C 900°C energy
(°C) (ohmcm ) (ohmcm ) (eV)

80/20 870-920 15 0.0418 0.0357 0.27

80/20 700-750 10 0.0831 0.0569 0.51

70/30 740-800 15 0.0468 0.0384 0.31

70/30 700-730 10 0.0476 0.0388 0.32
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From the microstructures in Figs. 4.8, it is obvious that the film deposited at
10 mVmin flow rate and 80/20 ethanol/water ratio yields a high resistivity value
because of the very fine particle sizes which are not as crystalline as those deposited at
higher temperatures. In addition, the powdery nature of this film results in particles
which are loosely in contact leading to a poor conductivity and also the activation
energy of the electrical conductivity is rather high as explained earlier. All other
depositions show the values of resistivity very close to each other within the range of
+ 0.004 ohm cm and the activation energies are in the same range of £0.03 eV as
they have quite similar microstructures observed under an SEM. The conductivity
(o) versus reciprocal of temperature, of this set of results, is plotted in Fig. 5.3.
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Fig. 5.3 : Conductivity of LSM films deposited at various flow rate and
ethanol/water ratios.
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5.1.3 IMPROVED LSM

The lateral electrical resistivity of LSM has been improved by two methods in
this research. Firstly, it is improved by modification of the composition which yields

lower resistivity, and secondly, by modification of the microstructure.

5.1.3.1 Lay4,Sr, ;sMnO,

In Chapter 2, a lanthanum deficiency LSM has been proposed to have a better
electronic conductivity than a conventional stoichiometric LSM. Therefore, a
selected composition of La,¢,Sr, ;sMnO, was investigated for a comparison purpose.
This composition of LSM is designated as LSM0.61. The deposition conditions are
listed in Table 5.4.

Table 5.4 : Deposition conditions of LSM0.61.

Concentration of precursor solution (mol) 0.05
Ratio of ethanol/water 80/20
Deposition temperature (°C) 600-750
Distance between the spray nozzle and substrate (cm) 12
Flow rate (ml/min) 12
Pressure of compressed air (psi) 22

The microstructure and cross-sectioned of this film are shown in Fig. 5.4 (a)
and (b). The film has low porosity, with large particle sizes, that have gaps in
between them. The wide deposition temperature range results in densely packed
large particles with no agglomerations. The high deposition temperature yields a
highly crystalline film, whilst the low deposition temperature contributes a close

packed microstructure and good adhesion.
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Fig. 5.4 : An improved LSM with composition, LSM0.61, (a) surface morphology

and (b) cross-section.

5.1.3.2 La, ;,Sr, ,sMnO; Duplex Structure

This type of film is designated as LSM-du. The idea of this LSM duplex
structure is to have two porous layers; a thin layer of small particles next to the
electrolyte to increase the TPBs area and a thicker layer of large particles to improve
an oxygen gas diffusion process from air to the TPBs. The microstructure of this
film has been modified by depositing the first few microns, with small particle size
(~1 micron) of LSM, followed by a layer of large particle (~5 microns). The
deposition details are listed in Table 5.5. All other parameters are the same as in
Table 5.4.

Table 5.5 : Deposition conditions of LSM duplex structure.

Parameters Small particles layer = Large particles layer
Ratio of ethanol/water 75/25 70/30
Deposition temperature (°C) 740-770 680-720
Particle sizes (microns) 1 2-10
Thickness (microns) 5 15
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Fig. 5.5 reveals the surface morphology and cross-sectioned of this LSM-du
film. The cross-section clearly shows a packed layer of small particles next to the

substrate and a layer of larger particles on top.

Fig. 5.5 : An improved LSM with microstructure, LSM-du, (a) surface morphology

and (b) cross-section.

Lateral electrical resistivities of these improved LSM films have been

measured using the same technique (dc 4-point Van der Pauw). The results are

compared in Table 5.6.

Table 5.6 : Lateral electrical resistivities of improved LSM.

Sample Resistivity 800°C Resistivity 900°C Activation energy
(ohmcm ) (ohmcm ) (eV)
LSMO0.61 0.0348 0.0321 0.19
LSM-du 0.0280 0.0260 0.18
LSM "~ 0.0610 0.0497 0.32
LSMO0.8 0.02 - 0.07*

* Lag §Srp.2MnO3 pellet sintered at 1150°C from ref. [188].
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The results from Table 5.6 clearly show that the LSM-du sample is a better
electrical conductor than LSMO0.61, and both of them are even better conductors than
LSM film deposited using the same processing parameters (from section 5.1.1.1 =
0.05 mol) at SOFC operating temperature. Nevertheless, both LSM films have the
resistivities in the same order of magnitude as those LSM films fabricated from
sintering routes which is shown as LSMO0.8. The activation energy of these LSM
films are in the same range as for other compositions of LSM (0.15-0.35 eV),
prepared from a sintering route by Hammouche et al. [189]. However, the activation
energy of LSMO0.8 is very low compared to others even prepared from conventional
ceramic routes. Therefore, the electrical conductivity of LSM prepared from our
FAVD technique is comparable with those prepared from a sintering route within the
same range and can be explained by the conductivity between particles and within
the particles. The duplex structure provides a better conductivity than an ordinary
porous LSM of the same composition and the La deficiency LSM.
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3.2 ELECTROCHEMICAL PROPERTY OF LSM

An electrochemical property investigated in this section is an Electrode
Polarisation or an Area Specific Resistivity (ASR) of LSM in this case. It is
measured using an AC-impedance spectroscopy in air, from 300°C to 800°C. The
experimental details are described in Chapter 3.

Selected LSM compositions and deposition conditions have been used to
deposit a symmetrical cell for this AC-impedance measurement. All films have been
deposited at the distance 12 cm, between the spray nozzle and substrate, flow rate of
12 ml/min, pressure of the compressed air 22 psi, and 0.05 mol precursor solution.
The deposition conditions and ASRs are listed in Table 5.7. The ASR values at
800°C and 900°C were from an extrapolation of the straight line. All LSM films
have the same composition apart from LSMO0.61, which has been explained in a

previous section. Plots of conductivity against the reciprocal of temperature are

shown in Fig. 5.6.

Table 5.7 : Deposition conditions and Area Specific Resistivity (ASR) of LSM.

Sample Deposition ASR 800°C  ASR900°C  Activation
temperature (°C) (ohm cm?) (ohmcm?®)  energy (V)

LSMX 650-730 (70) 11316 7.585 0.53
LSMY 680-730 (70) 2.867 1.086 1.15
LSMZ 720-780 (75) 7.647 3.909 0.82
LSM-du 740-770 (75) 11.542 4910 1.02
LSMO0.61 600-750 (80) 3.903 1.356 1.24
LSMO0.8% 1100 140 30 1.41
LSMO0.8/YSZ* 1350 1 0.15 1.8
LSMO0.8/YSZ* 1500 18.7 3.16 1.7

% La, 4Sr,,MnO; prepared from a slurry painting technique sintered at 1100°C [121].

*La,,S1,,MnO; /YSZ at the molar ratio of 8:2 prepared from a screen printing technique and sintered
at 1350°C and 1500°C as indicated [190].
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Fig. 5.6 : Conductivity vs 1/Temperature of LSM

From the microstructure, in Fig. 4.1(c), LSMX consists of large particles of
size 5-20 microns. The microstructures of LSMX, LSMY, and LSMZ are shown in
Fig. 5.7. Gaps between particles are also large which provide a pathway for oxygen
diffusion to the TPBs, but result in smaller electrode contact area. LSMZ and LSM-
du have similar microstructure, but the thickness of LSMZ is about half of LSM-du.
Therefore, the pathways of the diffusion of gaseous oxygen from air to the TPBs have
been shortened by approximately half way, which is obviously better, and hence it has
a lower ASR. LSMY has a porous structure of particles size around 1-5 microns and
some agglomerates but these particles are well connected. This microstructure
indicates the best performance LSM film with the lowest ASR. LSMO0.61 shows a
good sign of low ASR, as the film is crystalline and porous which provides pathways
for oxygen gas diffusion.
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Fig. 5.7 : Microstructures of (a) LSMX, (b) LSMY, and (c) LSMZ.

A La deficient LSM has been reported by Weber et al [191] to show lower
cell resistance than a La, ;Sr,,MnO, cathode cell without a sign of La,Zr,0, reaction
product. However, this reaction phase was not detected in our investigations. The
XRD patterns of LSMY, LSM-du and LSMO0.61 are shown in Fig. 5.8. The ASR
obtained are still high compared with the target set by Steele [63] that it should be

targeted at 0.15 Qcm?®. This has been achieved in commercial laboratories such as
at ECN [191].
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The La,Zr,0; reaction product at the LSM/YSZ interface is not desirable as it
hinders the reactions at the TPB from its low electronic and ionic conductivity [89].
This lanthanum zirconate phase forms at the interface when sintered at 1100°C
[89,192]. Mizusaki et al [193] have suggested that the rate determining reaction
process of the electrode reaction takes place at the interface of the electrode materials
and the formed oxide layer in which increases the bulk resistance of the cell
remarkably. From our study, it seems that the effect of a reaction product of La,;0; is
not as pronounced as the effect of microstructures and contact areas. This agrees
with the work reported by Sasaki et al. [92] which suggests that homogeneously
distributed long TPBs, high lateral conductivity, and a narrow contact spacing of the
current collectors are required to maximise the effective electrode area.
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LSMY and LSMO0.61 show relatively high activation energy compared with
other films. These are comparable with a literature reported by Chen et al. [121] that
the activation energy for La,,Sr,,MnO,/YSZ interface is 1.4 eV. The surface
reaction can be the rate-determining step as the activation energy of the surface
exchange coefficient (k cm/s) is 1.4 eV [62]. The difference in the activation energy
can be as a result of different processing techniques and hence, the different surface
structure and mechanisms for oxygen reduction. The activation energies of those
from sintering routes are greater than from FAVD technique as they were sintered at

higher temperature than our deposition temperature.

AC-impedance response from LSM-du and LSMY are plotted in Fig. 5.9 (a)
and (b). Note that the real axis resistance is the value of the total resistance minus
the resistance due to the electrolyte, current collector contact resistance and ohmic
loss through wiring. The resistance is for a symmetrical cell of two-sided cathode,
therefore the real ASR is half of the semi-circle. All of them show a perfect semi-

circle which refers to only one rate-determining step. Attention is drawn to the fact

that in some of the impedance diagrams, the axes do not have the same scales.
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LSM is regarded as an electronic conductor since the oxygen conductivity is
very low that can be considered as negligible in air at atmospheric pressure [62]. The
oxygen reduction is taking place at the triple phase boundary (TPB) between gas,
electrolyte, and electrode only. There are many models proposed to explain the

reactions involved at TPBs. Some of the reactions have been described in Chapter 2.

As there are many reactions involved, the slow reaction is considered as the

rate-determining step, however, there has not been any concrete conclusion for this

argument.

Van Heuveln et al. [194] have proposed three models to explain this
phenomena. Nevertheless, in aid of experimental results, one particular model seems

to yield the best fit. This involves four reaction steps :
1) Oxygen adsorption

Op—>20, - 5.1
2) Oxygen adsorption charge transfer

Oy+e >0, e 5.2
3) Diffusion of adsorbed oxygen

Ou—>0mpg e 53
4) Charge transfer at the TPB

Opgt+e +Vyo>0, 54

Van Heuveln et al [194] suggest that reactions 5.2 and 5.3 are the rate-
determining steps in their investigations with voltage losses. However, reaction 5.2
is a fast process in general. One possible rate-determining step in the LSM series can
be the oxygen adsorption, when the LSM particles are not homogeneous, and as a
result, this process is slow. If LSM particles are not connected well, charge transfer
process is slow down, and reactions 5.2 and 5.4 may be the rate-determining steps.

Reaction 5.3 is dominant if the diffusion of oxygen adsorbed species along the LSM
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is slow which is supported by Mitterdorfer et al [89]. The reaction products play an
important role in the charge transfer process at the TPB, reaction 5.4, as they reduce
the TPB area. This reaction then occurs over a smaller area. As reaction 5.1 is
sensitive to oxygen partial pressure therefore it can be identified. However, reaction

5.4 is insensitive to oxygen partial pressure.

Takeda et al. [195] and Siebert et al. [196] have suggested that the rate-
determining step is the dissociation of adsorbed oxygen molecules to oxygen atoms.

This reaction is shown below as reaction (5.5)

Oz’ad —) 20ad """ 5.5

Ostergard and Mogensen [197] have proposed three reaction mechanisms as
the rate-determining step according to the frequency of the semi-circle. At high
frequencies, the charge transfer of oxygen ions from the TPB to the oxygen vacancies
in the electrolyte process, reaction 5.4, is slow. The semi-circle at intermediate
frequencies is attributed to reaction 5.5 and that at low frequencies is responsible to

the diffusion of oxygen ions to the TPB which is reaction 5.3.

For LSMY, the microstructure reveals a porous layer of LSM which is well
connected. The layer is thin enough (5 microns) that the diffusion of oxygen to the
TPB is not the rate-determining step. The remaining step is thus the charge transfer
process. Investigations on the reaction products can be carried out using a high-
resolution electron microscopy technique. Due to the nature of research, this work

has not been studied in this thesis.

At high cathodic polarisation (>160 mV), LSM behaves as a mixed conductor
at high temperature [198). The diffusion limitation disappears at high cathodic
overpotential [194].
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5.3 SUMMARY

The electrical conductivity of LSM deposited at various process parameters
has been examined. The relationship between process/microstructure/property can be
established that the powdery film deposited at high temperature show a high
electrical conductivity while the activation energy is also high. The lower deposition
temperature results in a porous film which has lower electrical conductivity but low

activation energy.

Two modifications of LSM have been proposed by improving the
microstructure and composition. The lateral electrical conductivity of LSM has been
improved by depositing a duplex structure which has thin fine particles next to the
electrolyte interface and thick large particles on top using FAVD technique. This
type of improved LSM shows better conductivity than the La deficiency LSM,
La,¢,Sry,sMnO, at high temperature. The activation energy varies with the change in
microstructure. However, this duplex LSM has greater ASR than the La deficiency
LSM. The rate-determining step that dominates the interfacial reaction cannot be

concluded at this state without further investigations.

The electrical properties examined from the improved LSM deposited using
FAVD technique are compared favourably with LSM films fabricated from

conventional sintering routes.
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Chapter 6 : IMPROVED CATHODE

In this chapter, the main concentration is on an improvement of a cathode for
SOFCs. In stead of using the conventional cathode material, LSM, a mixed ionic-
electronic conductor such as Lag4Sr,,Co0; (LSC) was introduced. It has been
reported by several researchers that this material exhibits a larger ionic and electronic
conductivity than LSM [110,126,130,199]. LSC has been reported to react with YSZ
electrolyte, therefore, an interlayer of either Ce,3Gd,,0,, (CGO) or Ce;,,Y, 20, &7
(YDC) was deposited as a thin layer on YSZ substrate prior to the deposition of
porous LSC layer. The YSZ substrate was the same substrate used in the previous
chapters. These two types of interlayer are a good ionic conductor at high
temperatures (> 500°C) and also, the coefficients of thermal expansion are in
between those of YSZ and LSC [177]. These help to minimise the thermal mismatch

in a cell and moreover, act as a diffusion barrier between YSZ and LSC.

An interlayer of YDC between YSZ and LSM has been reported to improve
the interfacial performance and hence improving the overall power density of a cell
[200]. Chen et al [121], Horita et al [201], Jacobson et al [202], and Bauza et al
[203] have suggested an improved YSZ electrolyte by using an interlayer of thin
dense doped-ceria film in between cathode and electrolyte. It was appropriate,
therefore to investigate the behaviour of CGO and YDC interlayers prepared by
FAVD.

Five combinations of cathodes and interlayers of LSC on CGO, LSC on YSZ,
LSC/CGO on YSZ, LSC/YDC on YSZ, and LSM/YDC on YSZ prepared using
FAVD have been investigated using SEM for the microstructure, XRD for phases
present, dc 4-point (Van der Pauw) for lateral electronic resistivity, and AC-
impedance for area specific resistivity (ASR). They have been compared after
deposition and after certain periods of annealing at 900°C in air.
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6.1 CGO INTERLAYER ON YSZ

There are two ways for the deposition of two layers on both sides of a pellet
substrate to form a symmetrical cell. If one side of a pellet is designated a, and the
other side is designated b, the deposition either follows pattern CGOa-CGOb-LSCb-
LSCa, (abba), or pattern CGOa-LSCa-CGOb-LSCb, (aabb). When there is a change

from side a to side b, the substrate was physically turned over in situ.

The near optimum deposition conditions of CGO and LSC were investigated
and tested. The deposition parameters are summarised in Table 6.1. The flow rate of
the precursor for the deposition of CGO was fixed at 12 ml/min, but that of LSC was
varied between 10 and 12 ml/min. In addition, the deposition temperatures were
controlled by varying the flame distance from the substrate whereby varying the

distance of the combustion zone from the substrate.

Table 6.1 : Deposition parameters of CGO and LSC.

Parameters CGO LSC
Ratio of ethanol/water 70/30 75/25
Distance between the spray nozzle and substrate (cm) 12 12
Pressure of compressed air (psi) 22 22
Concentration of the precursor in the solution (mol) 0.05 0.05

The deposition descriptions and comments of CGO/LSC interlayer

combination are listed in Table 6.2.
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Table 6.2 : Descriptions and comments of CGO/LSC films.

Sample  Pattern Deposition Deposition Flow rate of

temperature of CGO  temperature of LSC  precursor*

(°C) °0) (ml/min)
CG/LC10  abba 690-750 700-780 10
CG/LC30  abba 670-740 600-680 10
CG/LC97  abba 680-750 640-700 10
CG/LC11  abba 700-800 730-800 12
CG/LC14  aabb 680-730 650-730 10
CG/LC17  aabb 670-730 700-750 12

* This flow rate is for the precursor for the deposition of LSC.

The deposition temperature of CGO layers were in the same range for all the
samples, however, those for the deposition of LSC were increased as the flow rate
increased. The results from dc 4-point and AC-impedance measurements were
plotted using the same procedure as explained in Chapter 5, in which the values at
800°C and 900°C were extrapolated from the straight lines obtained according to an
Arrhenius type equation. These values are summarised in Table 6.3. The figures
after ‘CG/LC’ are only the sample code and they have no difference in the

compositions.
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Table 6.3 : Electrode ASRs and lateral electrical resistivities (p) of CGO/LSC

Silms.
Samples | ASR 800°C | ASR 900°C | Activation | pgpg°C P900°C | Activation
(Qcm2) [ (Qcem2) | energy(eV)| (Qem ) | (Qcm ) | energy (eV)
CG/LC10 | 0.0173 0.0036 1.81 0.0094 0.0083 0.22
CG/LC30 [ 0.0365 0.0113 1.36 0.0192 0.0177 0.18
CG/LC97 | 0.0602 0.0173 1.45 0.0251 0.0217 0.26
CG/LCIi1 | 0.7290 0.3660 0.84 0.0690 0.0590 0.27
CG/LC14 | 0.0472 0.0180 1.14 0.0142 0.0127 0.21
CG/LC17 | 0.0340 0.0104 1.38 0.0320 0.0265 0.30

The interpretations of these results have to be taken into consideration
together with the microstructures and phases including any reaction products present
between the interlayers. All LSC films were porous. Nevertheless, a slight change in
deposition temperature caused changes in microstructure and leading to significant
changes in the electrical properties, especially the ASR. As mentioned in the last
chapter, the ASR is sensitive to any changes at the TPBs. Therefore, the change in
microstructure and any reaction products at the TPBs have to be determined. In
addition, the thickness of the interlayers affected the diffusion of oxygen gas to the
TPB and it is summarised in Table 6.4 together with phases detected from XRD
patterns. Surface morphology and cross-section of these samples are shown in Fig.

6.1. Amount of the precursor solution used was varied according to the required
thickness of the film.

The distinctive difference between the two patterns of deposition is that those
films deposited from pattern aabb have a trace of La,O, phase in the film. However,
the presence of this phase does not change the electrical properties significantly as

the main contrubution is from the microstructure. In general, the LSC layer consists
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of combinations of LSC compositions; La,gSr,,CoO,; (LSC0.8), La,,Sr,,CoO,
(LSC0.9), La,Sr,,Co0O, (LSCO0.6), La,,Sr,sCoO; (LSC0.2), and LaCoO,, although

the precursor solution was made up to the ratio of La:Sr:Co = 0.8:0.2:1.

Table 6.4 : Phases present and thickness of CGO/LSC interlayers.

Samples Phases Thickness of LSC (um)
CG/LC10 LSC0.8 LSC0.2 5
CG/LC30 LaCoO, LSC0.2 LSC0.6 5
CG/LC97 LSC0.8 LSC0.9 10
CG/LC11 - 13
CG/LC14 LSC0.9 LSC0.6 LSC0.2 La,O, 6
CG/LC17 LSC0.9 LSC0.6 LSC0.2 La,0, 7

Numbers after LSC refer to the value of 1-X from La].xSrxCoO3.

The thickness of CGO layer is around 1 micron, apart from sample CG/LC11 which is about

3 microns thick.

Fig. 6.1 : Surface morphology and cross-sections of (a) CG/LCI0 and (b)
CG/LC30.
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Fig. 6.1 : Surface morphology and cross-sections of (c) CG/LC97, (d) CG/LC1I,
(e) CG/LC14, and (f) CG/LCI7.
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Films of this combination did not show any cracks or spallation between

layers. The adhesion was also very good.

It is obvious that the best performance was obtained from sample CG/LC10.
It had a uniform porous structure and 5 microns size agglomerates of fine particles
(0.5 microns). As the LSC film was relatively thin (5 microns), the diffusion of
gaseous oxygen to the TPBs was fast, then the ASRs were small. The LSC layer was
uniformly connected, therefore, the lateral electrical resistivity was very low. The
poorest result was from sample CG/LC11, which had the thickest layers of CGO
(around 3 microns) and LSC (around 13 microns). The large size of agglomerates
(10 microns) reduced the TPB area tremendously, yielding very high ASRs.
Moreover, large gaps between agglomerates resulted in a poor planar connection;
therefore, the lateral electrical resistivity was high. The activation energies of these
samples are comparable with the reported value of 1.45 eV from the system of

La, (Sr, ,CoO,/ceria/La, ;Sr, ,CoO, [204].

All other samples seemed to be in the same range of lateral electrical
resistivity, depending on the connection between LSC particles. Low activation
energy also indicated a good planar conductor. Sample CG/LC14 showed uniform
porous structure but not very well connected from the cross-section view. As a
result, the lateral electrical resistivity was higher than that of CG/LC10 with similar

activation energy.

Samples with scattered LSC particles, such as CG/LC30 and CG/LC17, did
not agglomerate as others. This type of microstructure help the diffusion of gaseous
oxygen from air to the TPBs. Hence, the ASRs were relatively lower than others
with agglomerates. The presence of La,O, may contribute to the high ASR values of
CG/LC17 and CG/LC14 as compared to the others that this phase around the TPB
area reduces the reaction sites as it is a poor conductor. The activation energies of

these two samples were very low.

167



Slight variations of deposition parameters yield a wide range of electrical
properties films. Films must be deposited under well-controlled parameters.
However, some parameters proved to be very difficult to control, which reduced the
reproducibility of the films.  This leads to errors in experiments from temperature
fluctuation, resistance fluctuations and errors in calculations which influenc the
reproducibilities of films. Nevertheless, films in the same range of electrical and

microstructural properties could be reproduced.

AC-impedance plots of samples CG/LC10 and CG/LC11 at different
temperatures are shown in Fig. 6.2 (a) and (b). All the plots for other samples are
shown in The appendix. They have been plotted as a function of frequency when the
y-axis refers to the imaginary resistance and the x-axis refers to the real resistance.
The values on both axes are for a symmetrical cell, therefore, the actual ASR value is
half that of the x-axis intercepts. These Real resistances are from the total resistance
subtracted by the resistance due to the electrolyte and ohmic loss.
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Fig. 6.2 : AC-impedance responses of (a) CG/LC10, (b) CG/LCI1.

The semi-circles represent the number of rate-determining steps involved in
the conductivity process. Traditionally, it is believed that the major contribution of
the rate-determining reaction is the charge transfer process at the TPBs
[205,206,207]. However, it is obvious that the AC responses from samples CG/LC30
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and CG/LC14 show two semi-circles at high temperatures which refer to at least two
rate-determining steps. The second semi-circle at low frequency end becomes more
distinguished at higher temperature. Adler [204] has proposed that the oxygen
adsorption and transport in the bulk of the mixed ionic-electronic conductor, may
play a significant role in the electrode polarisation. The large faradaic capacitances

(up to 1 F/cm?) support this argument [208,209].

Samples CG/LC30 and CG/LC14 had relatively thin layers of LSC cathode,
which was responsible for a low overall planar conductivity. In addition, the
deposition temperatures were slightly lower than other samples. This may lead to the
poor bulk ionic and electronic conductivity from the less crystalline phases
(according to the general observations from Chapter 4), which results in poor oxygen
adsorption and transport after all. The extrapolated ASRs for these two samples were
from the contribution of both semi-circles. Nevertheless, if only the first semi-circle
at the high frequency end is taken into account, these ASRs would be reduced by at
least 10 %.

Equivalent circuits can be obtained from impedance data by using a suitable
programme e.g. Boukamp. However, detailed analysis is not appropriate at this stage
because a) complexity of microstructures, and b) model proposed by Adler suggests
that splitting impedance values into separate circuits are not appropriate because the

chemical and mass transport processes are coupled and interdependent.
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6.2 YDC INTERLAYER ON YSZ

Tsai et al. [200] have reported an improvement of a cell power density for

LSM cathode using an interlayer of YDC on both sides of YSZ. It is interesting to

study whether this type of interlayer can improve the interfacial performance of LSC

cathode system. An interlayer of YDC was deposited on YSZ substrate, then

followed by a cathode layer of either LSM or LSC. The deposition parameters are

listed in Table 6.5. The pattern of deposition was aabb.

Table 6.5 : Deposition parameters of YDC interlayer.

Process Parameters YDC/LSM | YDC/LSC
Concentration of the precursor solution (mol) 0.05 0.05
Distance between the spray nozzle and substrate (cm) 12 12
Pressure of compressed air (psi) 22 22
Flow rate of precursor solution (ml/min) 12 12
Ratio of ethanol/water for YDC layer 75/25 75125
Deposition temperature of YDC layer (°C) 830-890 850-920
Ratio of ethanol/water for cathode layer 70/30 75/25
Deposition temperature of cathode layer (°C) 750-800 740-810
Thickness of cathode layer (microns) 10 15

The thickness of the YDC layer in both samples is around 1 micron. The

surface morphology and cross-section of these films indicated porous cathode layers

in Fig. 6.3 (a), (b), (c), and (d). A back-scattered EM was used to analyse the phases

present in the films qualitatively. This showed a homogenous layer in both

YDC/LSM (YC/LM) and YDC/LSC (YC/LC).
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Fig. 6.3 : (a) Surface morphology and (b) cross sections of YC/LM. (c) and (d) are
as above for YC/LC.

The lateral electrical resistivities and ASRs for electrode were measured for

both samples and plotted in the same manner as described previously for LSMs and

CG/LCs. The data are summarised in Table 6.6.

Table 6.6 : Lateral electrical resistivities and ASRs of YC/LM and YC/LC.

Samples YC/LM YC/LC

ASR 800°C (Q cm?) 2.9585 0.0267
ASR 900°C (Q cm?) 1.3275 0.0097
Psoo-c (£¥/cm) 0.0597 0.0148
Pogoec (€/cm) 0.0480 0.0135
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The sample YC/LM was comparable with other unmodified LSMs for the
lateral electrical resistivity while the ASR values have been improved. However,
when LSC was used as a cathode material instead of LSM, the ASRs was improved 2
orders of magnitude, whilst p have been reduced at least 3 fold. These results are
expected, as LSC is a better electronic and ionic conductor than LSM.

AC-impedance responses of YC/LM and YC/LC are shown in Fig. 6.4 (a) and
(b). For YC/LM, only one semi-circle is present at each temperature, which refers to
only one rate determining step as discussed in a previous chapter. Nevertheless, two
semi-circles are present at each temperature for YC/LC. They become more
distinguishable and dominant at high temperatures. It was suggested that the second
semi-circle at the low frequency end corresponds to the gas phase diffusion [204].
This will be discussed later in section 6.3.
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Fig. 6.4 : AC-impedance responses of (a) YCILM and (b) YCLC.
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6.3 EFFECT OF ANNEALING TIME

All the aforementioned samples were annealed in air at 900°C for certain
hours in which the ASRs were measured using an AC-impedance spectroscopy. The
temperature 900°C was selected as this temperature is slightly higher than a high
temperature fuel cell operating temperature (700°C - 850°C); therefore, any
deleterious effects could be visualised over a shorter period of time. In addition to an
AC-impedance measurement, all films were analysed using an XRD to examine any

phases of reaction products present.

For comparison, porous LSC films were deposited on CGO and YSZ
substrates to make two symmetrical cells. They are designated LSC12 and LSC30
for the CGO and YSZ substrates, respectively. Deposition parameters are the same
as those for the deposition of LSC in sample YC/LC, but the deposition temperature
of LSC12 was 660°C-720°C and LSC30 was 700°C-760°C. All samples mentioned
in this section are the best performance sample of each batch. They were annealed
for 10, 20, 36, and 100 hours for all samples apart from the CG/LC10 which was
annealed for 4, 14, 30, and 96 hours.
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6.3.1 LATERAL ELECTICAL RESISTIVITY

The lateral electrical resistivities of each sample were measured before and
after annealing for 10 hours at 900°C. The data provided in Table 6.7 are those
extrapolated at 800°C and 900°C. The activation energy are listed in Table 6.8.

Table 6.7 : Lateral electrical resistivities, p, ({Ycm) of selected combinations of

cathode/interlayer films.

Annealing - Samples LSC30 LSC12 CG/LC10

YC/LC YCLM
time (hours)
0 Psoo-c - 0.0097 0.0095 0.0148  0.0597
0 Poooec - 0.0086 0.0085 0.0135  0.0480
10 Psooec 0.0200 0.0133  0.0149*  0.0235 0.0749
10 Poseec 0.0186 0.0105 0.0120*  0.0204  0.0595

* The annealing time for CG/LC10 is 4 hours instead of 10 hours.

Table 6.8 : Activation energy of the reciprocal of p in eV, of selected combinations
of cathode/interlayer films.

Annealing time (hours) LSC30 LSC12 CG/LC10 YCAC YCLM

0 - 0.23 0.22 0.20 033
10 0.18 0.36 0.34* 0.25 0.35
* The annealing time for CG/LC10 is 4 hours instead of 10 hours.

All the microstructures of these five samples are shown in Fig. 6.5.
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Fig. 6.5 : Surface morphology and cross-section of (a) LSC30, (b) LSCI2, (c)
CG/LC10, (d) YC/LC, and (e) YC/LM (see overleaf).
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Fig. 6.5 : Surface morphology and cross-section of (¢) YC/LM.

From Table 6.7 and Fig. 6.5, the values of p depended on the microstructure
of the cathode layer. Among the LSC cathode, the LSC layer from sample YC/LC
consisted of large particles (10-20 microns), therefore, the connection between
particles and the conductivity were rather poor. The values of p from sample
CG/LC10 were very similar to those from sample LSC12 which refered to the
similarity in microstructures. After annealing, all samples exhibited increased
resistivities. These may be due to the microstructure that after ahnealing, films have
been scratched from the mechanical pressure of AC and dc measurements. The
microstructures of films after annealing at certain hours are shown in Fig. 6.6. In
general, all the films are more porous. The mechanical damage is obvious for sample
YC/LC that particles are not uniformly distributed. Sample LSC12 (LSC on CGO
substrate) shows the least effect of annealing on the microstructure as both before
and after annealing are very similar. However, as expected from the high thermal
expansion mismatch between LSC and YSZ, the LSC film from sample LSC30 (LSC
on YSZ substrate) was véry powdery after annealing and the particles were finer than

before (~0.5 microns compared with ~5-10 microns agglomerates).

The XRD patterns for all samples before annealing have indicated only peaks
from various compositions of La, ,Sr,CoO; and LaCoO,. After annealing, traces of
La,0, have been detected in every sample except YC/LM which shows no reaction

products at all throughout the annealing process. However, the La,0, phase
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disappeared after annealing for 30 hours for all samples, only for LSC30 which it
was present until after 100 hours annealing and disappeared after 600 hours while a

phase of SrZrO, was detected instead. The XRD patterns are shown in the appendix.

Fig. 6.6 : Surface morphology and cross-section of (a) LSC30, (b) LSCI12, (c)
CG/LC10, (d) YC/LC and (e) YC/LM after annealing (see overleaf).
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Fig. 6.6 : Surface morphology and cross-section of (d) YC/LC and (e) YC/LM after

annealing.
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6.3.2 AREA SPECIFIC RESISTIVITY
The ASRs of all samples were measured after each annealing for electrode,

bulk and grain boundary to enable comparisons to be made about the behaviour of the
electrode. The electrode ASRs are separated from those bulk and grain boundary
ASRs as the electrolyte material influences the latter cases.

6.3.2.1 Electrode ASR

The values of ASRs at 800°C and 900°C were plotted in Fig. 6.7 (a) and (b)
for LSC30, LSC12, CG/LC10, YC/LC, and YC/LM.
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Fig. 6.7 : Plots of electrode ASRs after certain annealing periods at (a) 800°C and
(b) 900°C for LSC30, LSC12, CG/LC10, YC/LC, and YC/LM.
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From the plots in Fig. 6.7, it is obvious that the most incompatible
combination is between LSC and YSZ as the ASR increases many fold with
annealing time, although it drops after 600 hours. This may be due to the reaction
products at the interface and also the very high thermal mismatch between these two
materials. La,0; phase, which is detected after annealing, might play a great role in
this part that many peaks are detected after 100 hours in which the sample shows the
highest ASR. After 600 hours, this phase no longer exists but many peaks of SrZrO,
phase are detected instead although this material is used as a protonic conductor.
This may correspond to the drop of ASR. The same reason is applicable to explain

the drop of ASR for sample YC/LM after annealing for 100 hours.

The sample CG/LC10 has higher ASR than LSC12. The reaction products
detected from XRD might not be sufficient to explain this effect. Although, LSC is
very reactive with YSZ, a layer of thin dense CGO plays a great role as a diffusion
barrier and hence the ASRs after 100 hours for LSC12 and 94 hours for CG/LC10 are
very close. The most compatible combination is the LSC/YDC/YSZ system. The
ASRs after 100 hours of annealing are still acceptable for the SOFC application that
the target set by Steele is 0.15 Qcm’ [63]. Undesirable reaction products have not
been detected at all. However, any traces of reaction product phases below 5% of the
total amount in the film cannot be detected using XRD technique. This tiny amount

of reaction products may contribute to the increase of the ASRs after annealing.

Selected AC impedance responses of each sample after certain hours of
annealing are shown in Figs. 6.8, 6.9, 6.10, 6.11, and 6.12 which represent samples
LSC30, LSC12, CG/LC10, YC/LC, and YC/LM, respectively. The complete

responses are shown in the appendix.

In Fig. 6.10 (a), the observation of abnormal fluctuations at low frequencies
and very low resistance could be associated with the impedance response of the

measuring equipment.
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Fig 6.12 : AC-impedance responses of sample YC/LM (a) as deposited and (b)
after annealing for 100 hours.

The number of semicircles in the AC-impedance response indicates the rate
determining steps involved in the oxygen reduction between cathode, electrolyte and
gas phase. There is only one semi-circle present in most cases from Fig. 6.8 - 6.12.
The capacitance from each semi-circle can be used to indicate the type of reaction
process that dominates the overall reaction. These capacitance and ASR values may
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vary with different electrolyte materials. Since the capacitances are in the range of
microfarad/cm?, the rate-determining step is believed to be dominated by the charge
transfer process at the interface. However, as deposited samples LSC12 and YC/LC
show the second semi-circle at high temperature at the low frequency end. The
capacitances are in the range of farad/cm’ which suggests the diffusive process. For
these two particular samples, the conclusion can be drawn that the charge transfer
process dominate the rate determining step at relatively low temperature, and the
oxygen diffusive process becomes dominant at high temperature (approximately
800°C). Nevertheless, this diffusive process is no longer dominant after annealing
and the charge transfer remains the only rate-determining step for all samples. The
responses from sample YC/LM show a 45° angle interception at the real axis at the
high frequency end. This refers to the Warburg semi-infinite diffusion effect. The as
deposited sample CG/LC10 shows an inductance loop at high temperature. There is

no conclusive evidence for this phenomenon reported so far.

From these figures, the increase of ASRs after annealing cannot be attributed
solely from the reaction products formed at the interface. Changes in microstructure
can also occur during the annealing process due to the incompatibility in the
coefficients of thermal expansion between layers. During the thermal cycling
process, particles could be dislodged and the interface weakened, leading to reduced
surface area contact. At the same time, after repeated mechanical pressure from the
AC-impedance and dc 4-point measurements, the porous layers have been crushed at
the surface, which decreases the thickness of films. As the film is relatively thinner
than before annealing, oxygen diffusion through the bulk cathode layer is easier.

The activation energies of the reciprocal of ASRs of each sample after certain

hours of annealing are listed in Table 6.9.
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Table 6.9 : Activation energies (eV) of the reciprocal of ASRs after several

annealing periods.

Annealing (hours) LSC30 LSCi12 CG/LCl10 YCLC YCLIM

0 - 1.27 1.81 1.19 0.97
10 1.56 1.26 1.48 1.34 1.26
20 1.59 1.40 1.21 1.36 1.22
36 1.24 1.46 1.20 142 1.07
100 0.62 1.43 1.30 1.53 1.64

* The annealing periods of CG/LC10 are 0, 4, 14, 30, and 96 hour.

The activation energy of La,(Sr, ,CoO,/ceria/La,(Sr, ,C0oO,; was reported by
Adler [204] to be equal to 1.45 eV. This value is comparable with our observations
for most of the LSC systems. The activation energy of YC/LM is also in the same
range as those from Chapter 5 (activation energy of LSM0.61 is 1.24 ¢V). The most
pronounced affect of annealing on the activation energy was observed for sample
LSC30 that it decreased more than 2 fold. The change in the microstructure to be
more powdery may correspond to this change. However, the ASR data vary with the
electrolyte material used as well as the cathode microstructure. The activation
energy was also shown to depend on the microstructure that it was 1.35 eV for a
porous electrode and 1.66 eV for a dense electrode of La, (Sr, ,Co,,F€,30;5 on CGO
[210]. Our values for LSC12 are well within this range.
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6.3.2.2 Electrolyte ASR

There are two main ASRs generated from the electrolyte which are from the
grain boundary (gb) and the grain interior or bulk. These two aspects are discussed
briefly in this section for the comparison between a single layer electrolyte (samples
LSC30 and LSC12), and a double layer electrolyte (samples CG/LC10, YC/LC, and
YC/LM). The semi-circles referring to these bulk and gb ASRs are apparent at
relatively low temperatures, below 500°C. The bulk semi-circle is at the very high
frequency end and the capacitance is in the range of below picofarad, whilst the gb
semi-circle is at lower frequency (between bulk and electrode semi-circles) region

and the capacitance is in the range of nanofarad.

AC-impedance responses of these samples before annealing and after 100
hours annealing are shown in the appendix for comparison at low temperatures. Note
that sample LSC30 was annealed after deposition, thus the responses are after 10
hours and 100 hours annealing. The annealing time for CG/LC10 was 94 hours
instead of 100 hours.

All the semi-circles behave in the same manner both before annealing and
after 100 hours annealing. Therefore, the rate-controlling step remains the same
throughout. However, there is not enough evidence to identify what reaction is
responsible for this process as the investigations in the surface kinetics and formation

of reaction products involved are necessary.

The gb and bulk ASRs of the five samples investigated previously have been
measured at various temperatures in air. The values are taken from the straight lines
at 400°C, and plotted against annealing periods in hours. These are shown in Fig.

6.13 and Fig. 6.14.

187



ASR (Q cm)

1000
800
600

200

P

-a-LSC12
~=-CGAC10
-+ YCALC
~%—YCAM

+ + +
0 20 40 60

Annealing time (hours)

—o—LSC30
—a—LSC12
—a—CG/LC10
—a—YC/ILC
—3¢—YC/LM

0 +—

400 +
0 100 200

300 400 500 600

Annealing time (hours)

(a)
(b)
(©
d)
(e

100

Fig. 6.13 : Plots of gb ASRs after certain annealing periods at 400°C for (a)
LSC30, (b) LSCI2, (c) CG/LC10, (d) YC/LC, and (e) YC/LM.

ASR (Q cm)
TEERE

-§.
3
1

M +

ASR (Q cm)

588883

3 3
+ +

-=—-LSC12
-+—CGALC10
-+ YCLC
=»—YCAM

i e

o
o

—e-Lscao | (@
—a—1sci2 | ()
—s—cancio| (©

Annealing time (hours)

o 100 200 300 400 500 600 —s-Yonc | (@)

—3¢—YC/LM (e)

0 4@ e
Annealing time (hours)

100

Fig. 6.14 : Plots of bulk ASRs after certain annealing periods at 400°C for (a)
LSC30, (b) LSC12, (c) CG/LC10, (d) YC/LC, and (e) YC/LM.

188



In all samples, the gb ASRs are relatively constant after annealing for 30
hours. However, the bulk ASRs slightly increase with annealing time. The gb ASRs
for LSC12 and LSC30 do not vary much with annealing time and are lower than
those with interlayers. The bulk ASRs of LSC12 remain relatively constant over the
period of 100 hours annealing. The bulk ASR of LSC30 after annealing for 600
hours is lowered which might confirm the stabilisation process of the electrolyte with

annealing time.

For the gb ASR, all samples with an interlayer show even greater values than
without the interlayer (LSC30). This can be explained by a reaction phase between
doped ceria and YSZ as investigated by Horita et al [201]. This phase has been

reported to decrease the ionic conductivity of the electrolyte.

The bulk ASRs of all samples with YSZ substrate are in the same range that
is consistent with the fact that most of conductivity in the electrolyte is attributed
from the YSZ substrate itself which is much higher than those from the interlayer.
For comparison, the thickness of the substrate was greater than 300 microns while
the interlayers were around 1-2 microns. The ionic conductivity of YSZ is much
lower than that of doped ceria and this results in the low ASRs of sample LSC12.

The system with YDC interlayer performs better than the sample with CGO
interlayer. Sample LSC/YDC/YSZ showed an improvement in the bulk ASRs over
the system without an interlayer of LSC/YSZ over an annealing period of 100 hours.
The reaction which might have occured between the YDC and LSM from the system
LSM/YDC/YSZ still caused less pronounced effect than between CGO an YSZ on
the bulk and gb ASRs from LSC/CGO/YSZ.
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6.4 EFFECT OF OXYGEN PARTIAL PRESSURE

The ASRs of sample LSC30 after annealing for 600 hours and sample LSC12
after annealing for 100 hours were measured at various oxygen atmosphere which
were at (.21, 0.10, and 0.05 atm, respectively. The electrode, gb, and bulk ASRs of
LSC30 and LSC12 are compared in Fig. 6.15 and 6.16 .
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Fig. 6.16 : Plots of (a) electrode ASRs, (b) gb ASRs, and (c) bulk ASRs of at
various oxygen partial pressures.

From these two figures, the range of oxygen partial pressure is not wide
enough to distinguish the difference in the bulk and gb ASRs for both samples.
However, the electrode ASRs increase when the oxygen partial pressure is decreased.
When the oxygen partial pressure is decreased, the oxygen diffusivity is increased
while the surface exchange decreases [211]. As the overall ASRs increase with
decreasing oxygen partial pressure, this means the surface exchange of oxygen
dominates the electrode interfacial resistance and not the oxygen diffusion. AC-
impedance responses of samples LSC30 and LSCI12 for different oxygen partial
pressure at high temperature are shown in the the appendix.
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Sample LSC30 has very similar semi-circles throughout the change in oxygen
partial pressure. However, when the oxygen partial pressure is reduced, the Warburg
semi-infinite diffusion effect could be detected at the high frequency end. Sample
LSC12 shows more pronounced phenomenon that a hump occurs at the high
frequency end of the semi-circle when the oxygen partial pressure is reduced. This
corresponds to the charge transfer process as the rate-determining step. Such
behaviour agrees well with the observation made by Lane et al. [212] and Chen et al.
[121] but with La, (Sr, ;Fe,3C0,,0; 5 instead of LSC.
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6.5 CALCULATED ELECTRODE ASR

A chemical resistance (Ry,.,) represents the electrode ASR which can be
calculated from the equation (2.13) in section 2.4.2.2,

Fotem = 2F2 \[(1 8)D"'ac k @D

where R = gas constant (8.314 J/molK),
T = temperature (K),
F = Faradaic constant,
T = solid phase tortuosity,
€ = porosity,
a = surface area per unit volume (cm™)
c,. = the concentration of oxygen sites in the cathode material which is
obtained from the lattice parameter,
k = surface exchange coefficient of oxygen (cm/s), and

D* = self-diffusion coefficient of oxygen (cm’/s).

The chemical resistance therefore depends on the microstructural parameters
of the surface area, porosity, and tortuosity of the porous cathode for the same type of
material. Table 6.10 shows some of the calculated R, based on the data of
La, ¢Sr,,C00, ; when the microstructural parameters are varied. The calculation is
based on the kinetics data at 800°C from literature in chapter 2 while the
microstructural parameters are estimated from SEM images. The results given then

act as guidelines only.
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Table 6.10 : Calculated R .., for La, ,Sr,,C00, s

Tortuosity (t) Porosity ()  Particle size (um) Rien
1 0.3 1 0.05226
1 0.3 1.5 0.06401
1 0.3 2 0.07391
1 0.3 3 0.09052
1 0.3 5 0.11686
1 04 1 0.05645
1 0.4 1.5 0.06914
1 0.4 2 0.07983
1 0.4 3 0.09777
1 04 5 0.12622
1.2 0.3 1 0.05725
1.2 0.3 1.5 0.07012
1.2 0.3 2 0.08096
1.2 0.3 3 0.09916
1.2 0.3 5 0.12802
1.2 0.4 1 0.06184
1.2 0.4 1.5 0.07573
1.2 04 2 0.08745
1.2 0.4 3 0.10711
1.2 04 5 0.13827
1.5 0.3 1 0.06401
1.5 0.3 1.5 0.07839
1.5 0.3 2 0.09052
1.5 0.3 3 0.11086
1.5 0.3 5 0.14313
1.5 0.4 1 0.06914
1.5 04 1.5 0.08467
1.5 0.4 2 0.09777
1.5 0.4 3 0.11975
1.5 0.4 5 0.15459
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The parameters, which yield Ryen Close to the extrapolated ASRs from the
measured data of YC/LC and CG/LCI10, are in Table 6.11.

Table 6.11 : Microstructural parameters for CG/LC10 and YC/LC.

Parameters CG/LC10 YC/LC
Tortuosity 1 1
Porosity 0.1 0.2
Particle size (1um) 0.3 0.3
Calculated Raem 0.02524 0.02678
Measured ASR (Q cm’) 0.01728 0.0267

Using these parameter values, the values of the surface exchange coefficient
(k), the self-diffusion coefficient of oxygen (D*) and the combination of k and D* of
systems CG/LC10 and YC/LC can then be calculated from the electrode ASRs after
certain periods of annealing. In order to perform this calculation, it is assumed that
other parameters are constant that is the microstructure, which corresponds to the
tortuosity, porosity, and particle size. These are plotted in Figs. 6.17, 6.18, and 6.19.

Surface exchange coefficient (k)

+ e

0 + + + - —— +
r 20 40 60 80 100 110
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L 5. -

10 —
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Fig. 6.17 : Surface Exchange Coefficient (k) of CG/LCI10 and YC/LC with
annealing time.
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Oxygen self diffusion coefficient (D*)
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Fig. 6.18 : Self-Diffusion Coefficient of Oxygen (D*) of CG/LC10 and YC/LC with
annealing time.
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Fig. 6.19 : Combination of k and D* of CG/LC10 and YC/LC with annealing time.
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From Figs. 6.17, 6.18, and 6.19, k, D* and kD* drop with increasing the
annealing time for both systems and then remains constant after 36 hours.
Nevertheless, the £ and D* values of sample YC/LC are still greater than that of
sample CG/LC10 about 2 orders of magnitude. This trend agrees well with the
experimental data measured and discussed in section 6.3. It can be concluded that
the system LSC/YDC/YSZ has better surface exchange coefficient and/or oxygen
diffusion coefficient than the system LSC/CGO/YSZ as both values may vary with
annealing time. From the microstructures of these two systems after annealing for 94
hours for LSC/CGO/YSZ system and 100 hours for LSC/YDC/YSZ system, there is
a slight change mainly in porosity and tortuosity. However, these changes are still

minor compared with the increase of calculated k and D*.
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6.6 SUMMARY

The microstructure and electrical conductivities of cathode films depend on
the careful control of processing parameters as shown in sections 6.1, 6.2, and 6.3.
The lateral resistivity of the cathode layer is not affected by an interlayer between the
cathode and YSZ electrolyte. However, it depends on the microstructure of the
cathode layer itself which is a consequence of different processing parameters used in
the deposition. The lateral resistivity is generally low for films deposited at high
temperature, yielding a crystalline but powdery film. The SEM micrographs indicate
that these films have fine particles (~ 1 micron). The activation energy of powdery
films tend to be greater than those with porous films due to the loose contact between

particles.

The cathode/electrolyte systems with an interlayer have demonstrated the
improvement in the electrode ASR but unfortunately the bulk and gb ASRs
deteriorate after annealing at 900°C over a period of 94-100 hours. For electrode
ASR, the system of LSC on YSZ substrate shows the greatest resistivity even greater
than the LSM/YDC/YSZ system. The system of LSC/CGO/YSZ shows a better
performance than these two systems, however the ASRs are still greater than the LSC
on CGO and LSC/YDC/YSZ systems. The LSC/YDC/YSZ system has lower ASRs
than LSC on CGO, which means YDC is a better electrolyte than CGO and systems
with an interlayer definitely have lowered the electrode ASRs.

The electrode ASRs measured from AC-impedance method are comparable
with the calculated values using the measured data on the oxygen self-diffusion
coefficient (D*) and oxygen surface exchange coefficient (k). The ASRs after
annealing at certain period of time of two systems, LSC/YDC/YSZ and
LSC/CGO/YSZ, have been used to predict the values of k and D* assuming that the
microstructure has not changed. This suggests that £k and/or D* decreases with

increasing annealing time until after 30 hours that they remain relatively constant.

Further work on bulk and gb ASRs indicates the opposite effect that over the

same annealing period, the bulk ASRs of interlayer systems are in the same range as
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those of the same substrate material (YSZ) but without an interlayer. This effect is as
expected, as the major contribution of the bulk ASR is from the substrate, which is
much thicker than the interlayer by more than 100 times. The systems with an
interlayer show a negative effect on the gb ASRs that when doped ceria is in contact
with YSZ, the ionic conductivity is lowered. The solid solution of this mixture
normally has lower ionic conductivity than YSZ, YDC, and CGO therefore this can
explain the higher ASRs.

The electrode ASRs of LSC on CGO and YSZ substrates increased with
decreasing the oxygen partial pressure from 0.21 atm down to 0.05 atm. This
phenomenon is attributed from the increase in oxygen diffusivity but decrease in
surface exchange coefficient with decreasing oxygen partial pressure. As the overall
ASRs increase with decreasing oxygen partial pressure, this means surface exchange

of oxygen plays a major role in the interfacial resistance.
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Chapter 7 : MODELLING

The Flame Assisted Vapour Deposition (FAVD) method is currently used to
deposit ceramic films for use as the cathode component in Solid Oxide Fuel Cells
(SOFCs). The properties and microstructures of the deposited films vary with the
deposition conditions. These conditions are influenced by many parameters such as
the deposition temperature, the ratio of alcohol to water in the precursor solution, the
distance between the spray nozzle and the substrate, and the flow rate of the
precursor solution. Experiments described in previous chapters have shown the
effect of varying these parameters. In this chapter, the results of a computer
simulation of some process parameters are described. As FAVD involves a
combination of heat transfer and fluid flow, the software called FLUENT" has been
used. This software package uses the finite volume method to model various types

of physical phenomena involved in heat transfer and fluid flow.

7.1 EXPERIMENTAL SETUP

FAVD involves many processes and the apparatus consisted of many
components such as a flame source, spray nozzle, precursor flow control, air
compressor, air flow control, hot plate, and temperature measurement unit. A liquid
precursor, mainly ethanol and water mixed with some soluble metal salts, is atomised
through the spray nozzle by means of compressed air. The atomised precursor is in
the form of fine droplets, which can be assumed to be aerosol. These droplets then
combust when ignited by a flame source. In this case, a natural gas (CH4) bunsen
burner was used as the flame source. The heat of combustion provides thermal
energy during the decomposition and vapourisation of these droplets, which undergo
vapour phase reactions, resulting in an oxide film being deposited on a substrate
surface underneath the spray nozzle. The substrate is placed on a hot plate, which

provides a thermal environment in addition to the flame source.

* FLUENT is a trademark of Fluent Inc.
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All these experiments were carried out in an open atmosphere with no
physical barriers apart from the substrate located on a hot plate underneath the spray
nozzle. The flow rates of the compressed air and the liquid precursor were
measured. The temperature at the substrate surface was monitored throughout the
deposition. The ratio of ethanol to water in the liquid precursor was varied together

with the pressure of the compressed air.
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7.2 OVERVIEW

The model was set up in the form of an axi-symmetrical cylinder with a fuel
(methanol and water) inlet at the centre to represent the spray nozzle. Note that
methanol was used as one of the fuel components in the model because values of its
properties are available in the package’s database, but this is not the case for ethanol.
This will affect the details of the temperature distribution, but not the qualitative
results and overall trends. The fuel inlet was combined together with the oxidiser
(nitrogen and oxygen gases) inlet. At the opposite side of the inlet was the hot plate,
which was set to a temperature of 227°C at its centre. Any boundary other than
those described above was considered to be an outlet. Fig. 7.1 shows the
computational grid (25 x 20 cells) used for this setup. Each cell is equal to 1 cm in
distance or less, so the entire grid represents the size of 25 cm x 15 cm, which is

slightly larger than the real setup.

15cm

++t+ hotplate

25 cm

\4

P
T~

Fig, 7.1 : A grid of the model setup.

As the precursor is atomised in the real system on exit from the spray nozzle,
the fuel spray coming out of the inlet was treated as a dispersed secondary phase of
liquid droplets. It was treated as evaporating into the primary gas phase and
undergoing combustion when ignited by the flame source.

The flow of the droplets and the air was turbulent and this influences the
combustion reaction, which requires inter-diffusion of the mixtures. The combustion
reaction was modelled using a preprocessor program called preProbability Density

Function, or “prePDF”.
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7.3 BASIC EQUATIONS IN MODELLING

In this model, the system was considered to be a 2-dimensional axi-
symmetrical cylinder where the spray nozzle was regarded as the centre of the
cylinder on one end. Standard Cartesian geometry was used throughout, where the
subscripts i, j, and k are the coordinate directions. Note that all the equations are
shown in one direction but are expanded to three directions in the model. Dashed

subscripts refer to the various chemical species involved.

7.3.1 HEAT TRANSFER AND FLUID FLOW GOVERNING EQUATIONS IN
THE GAS PHASE

The basic conservation equations considered in this model were:
e Conservation of mass,
e Conservation of momentum,
e Conservation of energy,

e Conservation of species.

7.3.1.1 The Mass Conservation Equation

PO ()=,
a+dc,-(p”') S — (7.1)

where pis the density of fluid,
t is the time,
0Ox; 1s the distance of the cell in the i direction,
u; is the velocity of fluid in the i direction, and
Sm is the mass transferred to the primary phase from the dispersed second

phase due to the vapourisation of liquid droplets.
It should be noted that equation 7.1 is a scalar equation, where the second

term is a summation over the three components (as indicated by the repeated

subscripts).
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7.3.1.2 The Momentum Conservation Equation

The i* direction of the momentum conservation equation is given by:

0 0 op O0r,
Ou. +_ ou =__+_+ Dg +F ..... 7.2
61( ) ax,( ) ox, Ox; L (72)

where p is the static pressure,

1;;1s the stress tensor,

gi is the gravitational acceleration,

F; is the external body forces in the i direction.
The stress 1;; is calculated from:

d[, d‘j 2 all
B | e — 7.3
T [u[&j o'k]J 345 (7.3)

where u is the molecular viscosity and

% ,uél—l dy is the effect of volume dilation.
1

7.3.1.3 The Species Conservation Equation

The equation describing the conservation of species i”is:

7% 7 7
—_ )+ — my' ) = — Jl‘,: T Y2 — 7.4
= lomi)+ ——(pum:) = —-(J..) (7.4)
where mi is the mass fraction of species i”,
Jiv,i is the diffusive mass flux of species i in the ith direction, and

Sr is the net rate of production of species i’ per unit volume due to the

contribution from the dispersed phase.

The overall mass conservation equation is the summation of conservation
equations of all the species present in the continuous phase.
The diffusion due to the concentration gradients and thermal effects are

considered in the diffusive mass flux as follows:

anr _ Dt ter (7.5)
éﬁ T &1

Jl’,i = —th’,m
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where Dr,m is the diffusion coefficient for species i and

D! is the thermal diffusion coefficient.

7.3.1.4 The Energy Conservation Equation
The conservation of energy is solved in terms of conservation of the static

enthalpy, A, as:
h=>mihe e (7.6)

T
where he = jc,,.,'dT ----- (7.7

Tnf

T is a reference temperature, and

cp.i s the specific heat at constant pressure of species i’

Species diffusion due to pressure and external forces is assumed to be

negligible. Therefore, the energy equation in terms of 4 becomes [213]:

a(,ar\ é ;
%(ph)+%(pu,h)=E(kg)—gz:hf.]/+%+u:§:+m%+&- (7.8)

where T is the temperature,
7 is the viscous stress tensor,
J;-is the flux of species j’ , and

k is the mixture thermal conductivity.

7.3.1.5 Conservation Equations in Cylindrical Form
As the model is treated as a 2-D axi-symmetrical cylinder, the conservation
equations are expressed in cylindrical co-ordinates (x, , &) as follows:

Continuity:

P +5(pu)+1(9(rpv)= s (79)
a & r o g '
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Axial Direction Momentum:

b V7 18 & o, 18(rr,)
< < -2 B b - 2 7.10
d(pu)+dc(puu)+r&(rpuu)+ &+ Py +r Py ++pg, +F, (7.10)

Radial Direction Momentum:

o 7 17
E(pv)+ g(puv)+ ;;(rpuu) =

----- (7.11)
b, 0.) 106,) T, g
a & r & r

where u is the axial velocity component and v is the radial velocity component.

The stress tensor in cylindrical coordinates is:

Lad s
7, = 2;4%-% ,u(% %5(;’) e (7.13)
Ty =2 p(ﬂ) - % ;{% + % ‘9(;’ )) — (1.14)

= #(%+%) e (115)

This formulation provides direct calculation of curvature related terms,

yielding more accurate numerical results in this model.

7.3.2 SECONDARY PHASE EQUATIONS

The dispersed phase droplets undergo vapourisation and then combustion
when ignited.
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7.3.2.1 Droplet Vapourisation

This reaction occurs when the temperature of the dispersed phase droplet
reaches the vapourisation temperature, T,,, and continues until the boiling
temperature, Ty,, is reached or the droplet has completely evaporated. Once
vapourisation is initiated, it will continue even if the droplet temperature falls below
Tyap-

The rate of vapourisation is governed by gradient diffusion, with the flux of
droplet vapourises into the gas phase relates to the gradient of the vapour

concentration between the droplet surface and the bulk gas:
N, =k (., -C,l) e (7.16)

where N, is the molar flux of vapour (mol/m?-s)
k. is the mass transfer coefficient (m/s)
C,, is the vapour concentration at the droplet surface (mol/m?)
i

C; « = vapour concentration in the bulk gas (mol/m’).

This mass transfer coefficient is calculated from a Nusselt correlation [214,215]

The heat change in the droplet during vapourisation includes the convective

and latent heat transfer between the droplet and the gas:

dT, dm
ml,cpT;”=hAp(Ta0 —Tp)+Ep—hjg —  (717)

where ¢, is the droplet heat capacity (J/kg K)

T, is the droplet temperature (K)

T,, is the temperature of continuous phase (K)
h is the convective heat transfer coefficient (W/m? K)

dm
Ttp is the rate of evaporation (kg/s)

hy,

g is the latent heat between the droplet and the gas (J/kg)
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(i) Trajectory Calculations
The trajectory of a dispersed phase droplet is predicted by integrating the
force balance on the particle, in a Lagrangian reference frame. The force balance

equates the particle inertia with the forces acting on the particle [216].

(ii) Integration of the Trajectory Equations

The trajectory equations, and any auxiliary equations describing heat or mass
transfer to/from the particle, are solved by step-wise integration over discrete time
steps [217]. During the integration, the fluid phase velocity, u, is considered to be
the cell-based velocity for all positions within the cell or the velocity at the particle

position.

(iii) Dispersed Phase Boundary Condition
If a droplet migrates into a boundary cell, the entire droplet instantaneously

flashes to vapour (a ‘trap’ boundary condition).

(iv) Turbulent Dispersion of Particles
The turbulent dispersion of particles is predicted by integrating the trajectory
equations for individual particles [218].

7.3.3 MODELS FOR TURBULENT FLOW

7.3.3.1 Reynolds Averaging of the Conservation Equations
The conservation equations for turbulent flow are treated by a time averaging
procedure known as Reynolds averaging.
The Reynolds averaging procedure can be illustrated by following the general
transport equation:
Accumulation + Convection = Diffusion + Source
If ¢is a conserved scalar quantity, it is comprised of a mean value and a fluctuating

part in turbulent flow as follows:

p=¢+¢ - (7.18)

where ¢ is the time averaged value of @ defined as:
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4= iifqﬁdt — (119)

and At is a time scale much larger than the largest time scale of turbulent
fluctuations. The turbulent fluctuations are assumed to be random so that the mean
value equals zero. Combining equation 7.18 with the general scalar conservation

equation and then time integrating over a sufficiently large time interval yields:
174 174 o (—\ — —=
— +—\pugp|=——\pu' ')+ Ds+S¢ = - 7.20
= (o) =(oug)=——(owg }+ Ds+, (7.20)

The correlation #':¢/ multiplied by the density represents the transport or
diffusion of ¢ due to turbulent fluctuations.
The species conservation, u/m/,, and the enthalpy correlation, u/A’, are

modelled using the gradient transport analogy as:

o = _g% — (7121)
h
pf=-Lo2 o — (7.22)

where o,, and oy, are the turbulent Schmidt and Prandtl numbers, respectively.

The enthalpy equation in turbulent flow contains an additional contribution
from viscous heating, with the viscous dissipation, z;;%, augmented by the

dissipation of turbulence, pe. This represents the effect of the dissipation of
turbulent eddies on the heating of the fluid.

7.3.3.2 Reynolds Averaging of the Momentum Equations
The velocity at a point is considered to be the sum of the mean (time
averaged) and fluctuating components:
u= wuty e (7.23)
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Substituting equation 7.23 into equation 7.2 for the momentum balance yields the

ensemble-averaged momentum equations for predicting turbulent flow [219] :

0 0
a(pu,)"'g(pu,uj) =

J

----- 7.24)
o( [ou ou] (2 ou)) o o .. (
=+ —|=u—||-——+pg, +F+—

axj(”[ax, 6x,] (3”6):,)} ox HEg i)

! J

The velocities now represent the time-averaged values and the effect of turbulence is
incorporated through the Reynolds stresses, pu,’_u; To close this new system of

equations, a specific turbulence model is required. In this work, the k-& turbulence

model was used.

7.3.3.3 The k-£ Turbulence model

The k-£ model is a semi-empirical model which provides accurate predictions
in many types of turbulent flow including shear flow and wall-bounded flow. It is
suitable for isotropic turbulence. This model is an eddy-viscosity model in which the
Reynolds stresses are assumed to be proportional to the mean velocity gradients, with
the constant of proportionality being the turbulent viscosity, z4. This assumption is
know as the Boussinesq hypothesis with the following expression for the Reynolds
stresses [220]:

k==Y u? ——  (126)

The turbulent viscosity, t4, plays the same role as the molecular viscosity, x4, from

equation 7.3. However,  is replaced by an effective viscosity, teg:
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Hef = B+ th - (127)

The turbulent viscosity is assumed to be proportional to the product of a turbulent
velocity scale and length scale. These velocity and length scales are obtained from
two parameters: &, the turbulent kinetic energy, and &, the dissipation rate of k. The

3
velocity scale is Vk and the length scale is —L M then becomes:
£

k2
pe= Pcﬂ? —- (7.28)

where C, is an empirically derived constant of proportionality (FLUENT’s default
value of 0.09 was used).

7.3.4 CHEMICALLY REACTING FLOW MODELS

7.3.4.1 Mixture Fraction/PDF Formulation

In this approach, transport equations of individual species are not solved.
Instead, a single conserved scalar, the mixture fraction, is calculated and individual
component concentrations are derived from the predicted mixture fraction
distribution. This model has been specifically developed for the simulation of
turbulent diffusion flow, for which it offers many benefits. The turbulence effects in
the conserved scalar approach are accounted for with the help of a probability density
function, or PDF. The reacting system is treated via chemical equilibrium
calculations. Physical properties of chemical species and equilibrium data are

obtained from a chemical database.

As the spray combustion involves a turbulent diffusion flow, the mixture
fraction/PDF approach is appropriate. = The mixture fraction method allows
intermediate species formation, dissociation effects, and the coupling between
turbulence and chemistry to be accounted for in a rigorous way. It allows quite

accurate estimation of the flow field mean density.
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7.3.4.2 Mixture Fraction
The basis of this modelling approach is that under a certain set of simplifying
assumptions the instantaneous thermo-chemical state of the fluid is related to a single

conserved scalar quantity known as the mixture fraction, f.

fel"bo (7.29)
ka - Zko

where Zx is the element mass fraction for an element k. Subscript O denotes the
value at the oxidant stream inlets and subscript F' denotes the value at the fuel stream
inlets. For simple fuel/oxidiser systems, the mixture fraction can be stated more
simply in terms of the local fuel mass fraction:

mg

f= (7.30)
me + mo

The conserved quantity of the mixture fraction at each point in the flow

domain is computed through solution of the following conservation equation for the

mean (time averaged) value fof fin the turbulent flow field:

S g2 s 031

The source term S,, is due solely to transfer of mass into the gas phase from liquid
fuel droplets.

In addition to solving for the mean mixture fraction, FLUENT solves a

conservation equation for the mixture fraction variance, f* :

27 b 27 5L ol D)7 o

i (]
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where the constants ;, C,, and Cy take the values 0.7, 2.86, and 2.0, respectively
[221]. This mixture fraction variance is used in the closure model describing

turbulence-chemistry interactions.

Through the calculation of a single conserved scalar field f, other important
scalars of interest can be derived without solving individual transport equations. The
mixture fraction value at each point in the flow field can be used to compute the
instantaneous values of individual species mole fractions, density, and temperature

with a given description of the reacting system chemistry.

In non-adiabatic systems:

2 N (7.33)

where ¢ represents the instantaneous species concentration, density or temperature

h* is the instantaneous enthalpy:

= Ym, by + 1)
:

=2 m, L AT+ Ahlf + f"’ c,, j,dT} ----- (7.34)
- .

J o

7.3.4.3 Non-Adiabatic Extensions of the Mixture Fraction/PDF Approach

The local thermo-chemical state is no longer related only to the mixture
fraction, f, but also to A* in reacting systems involving heat transfer to the wall
boundaries or to the dispersed phase because the heat from the combustion reaction
is partially transferred to the vapourised droplets and out of the system, respectively.
The system enthalpy impacts the chemical equilibrium calculation and the
temperature of the reacted flow in which the change in enthalpy due to heat loss must
be considered when computing scalars from the mixture fraction. This scalar
dependence was described earlier in equation 7.33. Turbulent fluctuations should be
accounted for by means of a joint PDF p(f, h*). The model can be simplified by
assuming that the enthalpy fluctuations are independent of the enthalpy level.
Therefore, the heat losses do not significantly impact the turbulent enthalpy
fluctuations. Hence, p = p(f) and
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R U 07 €} A — (1.35)

Determination of ¢, in this non-adiabatic system requires solution of the modelled

transport equation for enthalpy:

o, 7. O —. O | u oh*
—(oh*® +— h¥)=—| &L +S e 7.36
a(p ) a'x,.(‘ %) dc,(o,, éxJ g (7.36)

!

where S accounts for source terms due to radiation and heat exchange with the

second phase.

To minimise the computation time, the calculation for the mixture
fraction/PDF model is performed in the preprocessor, prePDF. The chemistry model

is used in conjunction with the known shape of the PDF to perform the integration

given earlier. The integration performed and stored relate the mean flow variables ¢,

to the values of ﬁ F and h*. Equations 7.31, 7.32 and 7.36 are solved to obtain
local values for these unknowns.

7.3.5 MODELS DESCRIBING THE SYSTEM CHEMISTRY
Equilibrium Assumption

The model assumes that the chemistry is rapid enough for chemical
equilibrium to always exist at the molecular level. An algorithm based on the
minimisation of Gibbs free energy [222] is used to compute species mole fractions
from £, It can predict the formation of intermediate species without the requirements
of the detailed chemical kinetic rate data. Relevant property data for the species

involved in the chemical system are accessed from a chemical database.
7.3.6 PDF MODELLING OF TURBULENCE-CHEMISTRY INTERACTION
The prediction of the turbulent reacting flow is concerned with prediction of

the time averaged values of the scalars, f and F These time-averaged values are

related to the instantaneous values in a manner which depends on the turbulence-
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chemistry interaction model. The probability density function (PDF) approach is

introduced as a closure model in combination with the mixture fraction approach.

The probability density function, p(f), describes the fraction of time that the
fluctuating variable f takes on a value between fand f+ Af :

.1
PNASf = llm?z 5 e (7.37)

T

where 7 is the fraction of time that f spends in the Af band.

The shape of the function p(f) depends on the nature of the turbulent
fluctuations in £ In practice, p(f) is expressed as a mathematical function that

approximates the PDF shapes that have been observed experimentally. Here, a -

function with two parameters, the mean mixture fraction, £, and its variance, F,
was used. This allows the calculation of time-averaged values of those variables,
which depend on f[223].
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7.4 PROPERTIES OF FLUIDS

7.4.1 DENSITY

The mixture density is described as a function of temperature, pressure and
composition in ideal gases. When compressibility effects are negligible, the density,
p, 1s:

por+p’
p = ﬁ """ (7.3 8)
RTY &

where R is the universal gas constant,
M is the molecular weight of species I,
m,, is the mass fraction of species i/,
Dop is the operating pressure

p’is the local static pressure relative to p,,

7.4.2 SPECIFIC HEAT CAPACITY

The specific heat capacity of fluid, c,, is defined as a function of temperature
in single component flow while the mixture heat capacity is computed as a mass

fraction weighted average of the individual component heat capacities.

7.4.3 TRANSPORT PROPERTIES

The viscosity (1), thermal conductivity (x), and mass diffusion coefficients
(D) are used as constant values for air at 300 K. This simplified choice of values is
not important, because the turbulent transport is greater than the classical transport.
The viscosity, the thermal conductivity, and the mass diffusion coefficients are the
significant variables in the governing conservation equations of momentum, energy

and chemical species, respectively.
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7.5 BOUNDARY CONDITIONS

The boundary is divided into sections designated as wall, inlet, outlet, and
symmetry boundaries, as shown in Fig. 7.2. The conditions applied at each of these
boundaries are described in detail below.
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0] = Outlet I1 = Inlet 1
Wl = Wall 1 (room temp.) W2 = Wall 2 (hotplate 500K)
S = Symmetrical axis

Fig. 7.2 : Boundary conditions of the model used in this Chapter.

7.5.1 SPECIFIED VELOCITY BOUNDARY CONDITIONS

An inlet is treated as a specified velocity boundary condition, as the flow of
spray droplets enter the cell at a known velocity, composition and temperature. In
turbulent flow, the k and & values at the inlet boundary are specified from inputs of
turbulence intensity and characteristic length. The diffusion of all scalars at this inlet

boundary is assumed to be zero.
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7.5.2 OUTLET BOUNDARIES

At the outlet, combusted vapours come out at atmospheric pressure. Values
for all variables are extrapolated at an outlet boundary condition from the interior

cells adjacent to the outlet.

7.5.3 SYMMETRY BOUNDARIES

As this model is considered as a 2-dimensional axi-symmetrical cylinder, a
zero normal gradient condition is applied for all variables at the axis of symmetry,

except for the radial velocity component, which vanishes.

7.5.4 WALL BOUNDARIES

At wall boundaries, the normal velocity component is constrained to zero. For
turbulent flow, it is standard practice to use empirical ‘wall functions’ at the near
wall grid point to estimate the effect of the wall on the turbulent flow. This
eliminates the need to fully resolve all regions of a turbulent boundary layer and
allows the near wall grid point to be placed relatively far from the wall. This
approach helps saving the computational resources in turbulent flow simulations for
the standard high-Reynolds-number. The standard wall function used in the model is
explained further in the appendix.

218



7.6 PARAMETERS AND CONDITIONS

7.6.1 PDF MODEL

Species: CH3OH, 02, Nz, H20, COz, CO and Hz.

Composition (mass fraction)

Percentage of methanol in the precursor by volume 50%
CH;0H
H,O
0.21 O3 : 0.79 N, for all cases.

fuel stream

oxidiser stream

70% 80%
044 0.64 0.76
056 036 024

Operating Conditions:
Pressure 101000 Pa
Min. Temperature 280 K
Max. Temperature = 2800 K
Inlet Temperature 300 K (fuel)
300 K (oxidiser)
The solution Parameters:
These values are defaults in prePDF
Interpolation tolerance 0.001
Enthalpy discretization mode 1
Enthalpy points 41
Variance points per enthalpy curve 3
Mean mixture fraction points 25
Distribution centre point 0.2
Mixture fraction variance points 15
Rich flammability limit 0.4
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7.6.2 FLUENT

This model is created based on the turbulence k-& model with PDF

combustion, which calculates temperature, cylindrical velocities, and species.

Domain 2-D axi-symmetry of length 0.25 m,
outer radius 0.15 m, and

sector angle 6.28 radians.

Boundary conditions:
Wall 1 temperature 300 K
Wall 2 temperature 500 K (acts as a hot plate)
Outlet temperature correction 1

Effective emissivity 1

At inlet 1 (as the spray nozzle)

Initial velocity 42 m/s (as measured experimentally)
Static temperature 300 K

Turbulence intensity 10% (assumption)

Characteristic length 001 m (assumption)

Physical constants:

These are set at the values for air:

Viscosity 2x107 kg/s-m
Thermal conductivity 0.025 W/m-K
Binary diffusivity 2.88x10°  m%s

The second phase constants are set at the values for water:
Initial density 1x10® kg/m’
Latent heat of vapourisation 2.25x10° Jkg

Vapourisation temperature 300 K
Boiling point 373 K
Specific heat, Cp 4180 J/kg-K
Binary diffusivity 2.6x107 m%/s
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Fraction volatiles 1.0
Vapour pressure -10 for piecewise linear fit
T(K) | 256 I 275 | 285 | 296 | 307 | 315 I 325 | 340 | 356 | 373

Vp(Pa) | 133 I 664| 1329 | 2658 | 5316| 7974 | 13289| 26579| 53158| 101000

Droplet setting:
The spray cone was modelled using a range of horizontal velocities for the

droplets.  These parameters were fixed according to the values measured

experimentally and/or estimated.

The initial position of each droplet was at inlet 1 (spray nozzle).

Horizontal velocity 42 m/fs.

Initial vertical velocity 0.1 m/s

2nd vertical velocity 14 mfs.
Initial/2nd temperature 300 K
Min./Max. diameter of each droplet 1x107 m
Mean diameter of each droplet 1x10° m
Mass flow rate 1.65x10* kg/s
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7.7 RESULTS

7.7.1 EFFECT OF MIXTURE FRACTIONS

The temperature distribution contours at different mixture fractions (m.f)
from 0.05 to 0.5 for the 70% alcohol containing solution are shown in Fig. 7.3. The
temperature contours at different mixture fractions for 50% and 80% alcohol solution

are in the appendix.
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Fig. 7.3 : Temperature distribution contours at different mixture fractions for

70% alcohol solution.
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The maximum temperatures of the contours in Fig. 7.3 are plotted in Fig. 7.4.
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Fig. 7.4 : Maximum Temperature versus Mixture Fraction for the 70% alcohol.

The comparison of maximum temperatures of selected mixture fraction from 50%,
70%, and 80% alcohol solutions are plotted in Fig. 7.5.
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Fig. 7.5 : The Maximum Temperature for Various Percentages of Alcohol and
Mixture Fractions.
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Fig. 7.6 is a plot of the flow velocity vectors of the model for the 70% alcohol
solution and a mixture fraction of 0.2 as this mixture fraction exhibits the greatest
maximum temperature as shown in Fig. 7.5.

-------------------------
........................
.......................
.......................
.......................

------------------------

Velocity Vectoxs {(M/5)
Max=5207E+00 Min=1263E-02

Fig. 7.6 : The flow velocity vectors of a mixture fraction 0.2 for 70% alcohol

solution.

The amounts of chemical species from the combustion process are compared
for 50%, 70% and 80% ethanol in the precursor. The mixture fraction was fixed at
0.2 for all the chemical species investigated which are oxygen gas, water, carbon
monoxide and carbon dioxide. The maximum and minimum mass fractions of each
gas are summarised in Fig. 7.7 and the actual contours are shown in the appendix.
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Fig. 7.7 : Mass fraction of chemical species present for 50%, 70%, and 80%
alcohol mixtures.

7.7.2 EFFECT OF DROPLET SIZE

Fig. 7.8 shows the temperature distribution contours as a result of different
droplet sizes from uniform size at (a) 10 microns, (b) 50 microns, and (c) 100
microns, and ranges of sizes from (d) 10-50 microns, (€) 10-100 microns, and (f) 50-
100 microns when the mixture fraction was fixed at 0.2.
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(a) 10 microns
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Fig. 7.8 : Temperature distribution contours of various droplets size (a) 10, (b)

50, (c) 100, (d) 10-50, (e) 10-100, and (f) 50-100 microns when the

mixture fraction was fixed at 0.2.
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7.8 DISCUSSION

The model has been set as close as possible to the actual FAVD experiment
to make the results as meaningful as possible. This is the first attempt to model the
processing effect for FAVD method. However, in some cases alternative data is used
as the exact data is not available or accessible, e.g. thermodynamic data for ethanol,
which is not included in the database. In this case, data for methanol is used instead.
The difference is not very significant as the main purpose is to identify the trend and
the temperature distribution pattern, not the exact numerical values. Physical
parameters such as the flow velocity and droplet sizes are more critical and these
values were approximated based on the measured values and data given from the
manufacturer. A slight change in these parameters could affect the model results
more significantly than the change of the thermodynamic data from ethanol to
methanol. If exact quantitative results are required, the physical parameters and data

and thermodynamic data should be accurately specified.

When the simulations are performed, the flow pattern is viewed from the
velocity vector display, which shows both them direction of the flow. The
temperature distribution is shown as a temperature contour, resulting from the
vapourisation and combustion reactions of the mixtures. Different ranges of

temperature are represented in different colours.

7.8.1 EFFECT OF MIXTURE FRACTION

The effect in varying the mixture fraction is similar to varying the ratio of
fuel to water in the fuel stream. However, the mixture fraction is the ratio of fuel
(alcohol + water) to oxidant (air). This clearly identifies the difference in the
temperature distribution pattern and the maximum temperature at different mixture
fractions in Fig. 7.3 to Fig. 7.5. The optimum condition is where the maximum
temperature of the system is the greatest, which indicates the most complete
combustion reaction in Fig. 7.3 (b). At this condition, the combustion of the fuel has
been completed before reaching the hot plate, i.e. the substrate. This can be taken to
be the condition where all species in the vapour phase have undergone a gas phase

homogeneous reaction, by which oxide powders are obtained. In Fig. 7.3 (c) - (f),
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the combustion of the fuel still continues at the substrate. This signifies that the
combustion at the substrate is not complete. Therefore, some non-combusted vapour
may reach the substrate as well. This leads to a heterogeneous reaction, which results
in either a dense oxide film or a porous film by the interaction between species in the

vapour phase and solid phase nucleation.

In addition, the temperature distribution pattern shows the location of the
maximum temperature, which can be used to estimate the optimum distance between
the substrate and the spray nozzle. The optimum distance is a necessary condition for

producing films with the desired properties.

7.8.2 EFFECT OF AMOUNT OF ALCOHOL

Alcohol acts as a fuel in this model. The lower limit of 50% alcohol shows
the effect of a low concentration while the 80% alcohol shows the effect of high
concentration. The combustion length and temperature are low for the low fuel and
much greater for the high fuel. From all the observations, the shapes of the
temperature contours at various mixture fractions do not differ much in the low fuel
models but show significant changes in the high fuel models. Only at the mixture
fraction of 0.3 of 80 % alcohol solution is the maximum combustion temperature
reached at the substrate, while in the others it is somewhere before reaching the
substrate. These observations can therefore be explained in the same way as for the

effect of mixture fractions.

When comparing Fig. 7.3 (c) and Fig. 7.6, from the temperature contour the
maximum velocity is at the beginning of the combustion reaction. After the
combustion has started, the velocity decreases until the droplet reaches the substrate.
At a distance where the velocity of droplets at the substrate is high, a film is difficult
to produce because most of the droplets rebound back from the substrate due to the
high momentum. When the velocity is not too high, particles (reacted and
combusted droplets) can form a packed film on the substrate because the momentum

is just enough to pack them together.
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The reaction below describes the complete combustion reaction taking place

between the spray nozzle and the substrate.

CH;0H + 1.50; - 2H,0 + CO, - 71

At the same time, CO and CO; coexist at equilibrium, as in reaction Z.2.

2CO+0, © 2CO, —— 72

From these two reactions, water and carbon dioxide are the products of the
complete combustion process. The combustion process is turbulent, and the
reactions involved are not at equilibrium. The amounts of all species involved in the
reactions are compared in Figs 7.7. From Fig. 7.5, the model indicates that the
optimum combustion reaction should occur when methanol is mixed with water at
around 70% alcohol mixture (by volume). The results for the chemical species
support the trend above in that the amount of oxygen gas is lowest in the combustion
area of 70% alcohol mixture. The products of the combustion process, which are
water, carbon monoxide, and carbon dioxide, are found to be richest in the 70%
alcohol mixture, not at 80% or above. This leads to the conclusion that at this
mixture, the combustion process occurs at the highest efficiency since it consumes
the maximum amount of reactant and releases the maximum amount of products.
The results from this model agree with the experimental results that a porous film is
obtained from a 70% ethanol precursor solution while a powdery film is typically

obtained from a higher percentage of ethanol in the precursor solution.

The species contours of carbon monoxide and carbon dioxide (see Appendix)
indicate the location of both gases. When all the mixtures have vapourised and
combusted, the first intermediate product of carbon is carbon dioxide. This carbon
dioxide gas flows towards the substrate while in equilibrium with carbon monoxide
gas when the temperature has reached its maximum. Carbon monoxide gas is in

equilibrium with carbon dioxide gas over a short distance before being converted
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fully to carbon dioxide gas , although some of it reaches the

substrate.

7.8.3 EFFECT OF DROPLET SIZE

When different sizes and ranges of droplet size have been modelled, the
temperature distribution patterns change as shown in Fig 7.8. If we consider the
uniform size droplets in Fig. 7.8 (a), (b), and (c), all have an incomplete combustion
shape from the temperature contours for the distance of interest. The smallest
droplet size starts combusting at a shorter distance from the spray nozzle to the larger
size droplets, and the maximum temperature for smaller droplet sizes is also greater
than that for the larger sizes. Therefore, a faster ignition and higher temperature
flame can be expected for smaller droplets that the overall combustion complete in a
shorter period of time. For the largest droplet size used here (100 microns), the
combustion is not complete on reaching the hot plate but continues on the walls,

which is not desirable in real experiments.

When ranges of droplet size are considered, the shapes of the temperature
contours are different from those of the uniform sizes in that the contour shape is
more tapering. The smaller size of droplet initiates the combustion earlier and easier
than the larger sizes. In Fig. 7.8 (d) and (e) the combustion starts at about the same
distance while the combustion in Fig. 7.8 (f) starts at a distance further from the
substrate. The maximum temperature of a droplet with size in the range 10-50

microns is slightly lower than those with uniform sizes of 10 microns and 50

microns. Particle size ranges of 10-100 and 50-100 microns give maximum
temperatures in between those of the uniformly small sizes (10 and 50 microns,
respectively) and 100 microns.

A few small droplets cause early ignition, which increases the temperature
and, hence, increases the evaporation rate for the larger droplets. The whole ignition

process then occurs over a longer distance and a longer period of time.
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7.9 SUMMARY

The reaction systems in the Flame Assisted Vapour Deposition method have
been modelled using a finite volume method based on fluid flow and heat transfer
theories. The purpose of the model is to predict the parameter values, which give the
best conditions for the deposition process. Although the exact results are not
possible to predict at this stage, parameters controlling complete fuel combustion and
low droplet momentum at the substrate are suggested. The experiments have been
modelled as closely as possible, but some approximations were made where

necessary.

The temperature distribution contours and velocity vectors of the particle
flow indicate where complete combustion occurs and the predicted products at
different distances between the spray nozzle and the substrate. Three parameters
have been shown to vary the shapes of the temperature contours significantly; these
are the mixture fraction, the amount of fuel and the sizes of droplets. Complete
combustion is expected to occur for a combination of suitable mixture fraction that is

not too high or too low, amount of fuel and small droplet sizes.
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Chapter 8 : CONCLUSIONS AND FUTURE WORK

8.1 : CONCLUSIONS

The investigations of various deposition parameters of the FAVD method in
Chapter 4 have shown significant changes in both microstructures and phases of
LSM films produced. Desirable microstructures could be obtained by varying these

deposition parameters accordingly.

All the processing parameters are influenced by the amount of fuel, the total
mass to be combusted and the region of combustion. A film deposited at high
temperature is more powdery and crystalline than that deposited at lower temperature
as the dominant reaction is governed by gas phase nucleation. This means the
decomposition, combustion, and/or chemical reactions of the reactants are completed
within the gas phase and the shape of{z;')mbustion zone is in category C as explained
in Chapter 4. The temperature can be raised either by increasing the amount of
ethanol in the precursor solution or increasing the mass fraction of ethanol, or
adjusting the position of the flame torch. Powdery films can be fabricated not only
by having a high ethanol/water ratio which results in a high deposition temperature
but also by using high air pressure, or by increasing the height between the spray
nozzle and the substrate. The combustion reaction was confirmed to be complete
under these deposition conditions. The deposition rate for powdery film is rather low

compared with other types of microstructure.

A dense film is deposited when the deposition temperature is lowered where
heterogeneous reactions are dominant. The decomposition and combustion reactions
occur in the gas phase, but the reactions take place at or near the heated substrate as
the combustion zone is of shape B. A porous film could be obtained by varying the
parameters to lie somewhere between those of the homogeneous and heterogeneous
reactions, thus causing some particles to be formed in the gas phase and some aerosol

to react at the substrate.
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At very low deposition temperatures, especially at a low ratio of
ethanol/water, the energy provided from the combustion of ethanol is not sufficient
therefore the droplets are not readily combusted but splash onto the substrate. These
films have high deposition rate but are amorphous.

The effect of processing parameters in the FAVD method have been
modelled using a finite volume method based on fluid flow and heat transfer
theories. The results support the experimental observation that complete combustion
takes place. This allows the microstructure of products at different distances
between the spray nozzle and the substrate to be predicted. Complete combustion is
suggested to be optimum for a combination of suitable mixture fraction of fuel and

oxidant (0.2), amount of fuel (70 % alcohol), and small droplet sizes (10 pm).

Two modifications of LSM have been investigated to improve the electrical
properties of SOFC cathodes; La deficient LSM (Lag 61Srp1sMnO3) and LSM with a
duplex structure. The duplex structure improved the lateral electrical conductivity of
the films but it was not affected by changing the composition. However, the La
deficient LSM has a better area specific resistivity (ASR) than duplex structured
LSM. The electrical properties of modified LSM deposited using the FAVD
technique compare favourably with LSM films fabricated from conventional

sintering routes.

For the investigation of improved cathode/electrolyte systems with an
interlayer, the lateral resistivity of the cathode depends on the microstructure of the
cathode layer itself and is not significantly affected by an interlayer between the
cathode and YSZ electrolyte. The lateral resistivity is generally low for films
deposited at high temperature, yielding crystalline but powdery film. The activation
energy of powdery films tends to be greater than those with porous films due to the
loose contact between particles.

233



The electrode ASRs have been improved with another layer of doped ceria in
between cathode and YSZ electrolyte. All the systems of doped ceria in contact with
LSC show very low electrode ASRs. After annealing for 94-100 hours, the system
of LSC/CGO/YSZ shows a better performance than LSC on YSZ substrate and
LSM/YDC/YSZ system, however the ASRs are still greater than the LSC on CGO
and LSC/YDC/YSZ systems. The LSC/YDC/YSZ system has even lower ASRs
than LSC on CGO, which means YDC is a better interlayer than CGO, and systems
with the interlayer definitely have lowered the electrode ASRs.

The bulk and gb ASRs of the systems without an interlayer are lower than
those with an interlayer. After annealing, the bulk ASRs of interlayer systems are in
the same range as those of the same substrate material (YSZ) due to the higher ionic
conductivities of ceria based material. The ionic conductivity of ceria-YSZ solid
solution is lower than either the interlayer materials or YSZ. Therefore, the systems

with an interlayer show higher gb ASRs.

The electrode ASRs after annealing at certain period of time of
LSC/YDC/YSZ and LSC/CGO/YSZ systems have been used to predict the values of
k and D* assuming that the microstructure has not changed. As a result, k and/or D*

decreases with increasing annealing time.

The FAVD method has been proven to produce a cathode for a SOFC with
useful properties. Nevertheless, a better control of some of the important processing
parameters (e.g. deposition temperature) is sufficient. With the experimental
apparatus used, it is difficult to obtain a reproducible film without further

investigations.
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8.2 : FUTURE WORK

The proposed future work can be divided into two major areas which concern

the FAVD method and the electrical properties of cathode films.

8.2.1 FAVD METHOD

In the area of FAVD method, some physical parameters are unknown at this
stage due to the lack of characterisation equipment and technology. The droplet size
and velocity of the aerosol atomised from the spray nozzle should be quantified using
a laser doppler technique. These values are necessary to supply data needed for more

accurate computer modelling.

The chemistry involved in FAVD method is still not clear. The deposition

mechanisms in the chemical reactions are complex that a thorough study is essential.

The temperature fluctuation can be overcome with an enclosed/controlled
environment to reduce the effect of turbulence and air flow inside a fume extraction
cupboard. The modified setup has served this purpose adequately but it can be

improved further with more modifications of a totally closed unit.

With a better control over the processing parameters, a more accurate effect
of each parameter can be quantified which leads to more controlled microstructure

and properties.

The surface area and porosity of a porous film can be determined when a
larger surface area of film (thicker film and larger substrate size) is used. These will
supply more reliable data for the calculation of reactive site at the TPBs and of Rchem-

The FAVD method is capable of producing metal oxide powder with a

careful control of processing parameters. It is easier to produce powder product

rather than a film. This can be useful in a ceramic industry.
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8.2.2 ELECTRICAL PROPERTIES

More investigations in the AC-impedance measurements of different cathode
materials are necessary as the kinetics behaviour interpretation is still not conclusive
at this stage. To determine the rate-determining step(s) for the interfacial reaction,
more studies are required including the examination of the surface kinetics of each

component and the effect of oxygen partial pressure with the AC response.

Our interlayer system has demonstrated an improvement in the electrode
ASRs, however the gb ASRs deteriorate. With a careful selection of electrolyte

combinations, these can be improved further.

An improvement by modifying the cathode structure such as a duplex
structure has been proven to be advantageous and therefore a further modification
can be made in combination with an interlayer. The preferred cathode material is the
mixed ionic-electronic conductor (LSC) rather than a purely electronic conductor
(LSM). This new combination is expected to perform better in both lateral electrical
conductivity and ASR.

The impurity phase of La,Zr,O7 has been detected from many LSM films
deposited mainly at high temperature but with only powdery films. It is difficult to
use XRD technique to detect this phase when it is present at the interface between the
electrode and electrolyte when the electrode layer is thick and either porous or dense.

There is a possibility that a reaction product phase is present.

A line-scan EDX and Secondary Ion Mass Spectroscopy could be used to
identify elements present at the interface between cathode and electrolyte. Hence,
any reaction products can be predicted accurately. In addition, a high resolution
electron microscope is capable of detecting an impurity phase present at the interface
and has been used to identify La,Zr,O; phase between LSM and YSZ [177].
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APPENDIX

Al LSM DIFFRACTION DATA

Lao 3S102MnO3 40-1100 [184]

Monoclinic system a = 5.4843 A,

b = 5.5349 A,

c = 7.7916 A, and

B - 90.746°

d spacing (Angstrom) hkl

3.8983 110
2.7680 020
2.7422 200
2.3537 121
2.2563 022
2.2291 202
1.9479 220
1.7487 130
1.7357 222
1.5980 132
1.5930 132
1.5782 312
1.3837 040
1.3709 400
1.3039 042
1.2985 330
1.2880 402
1.2354 240
1.2285 332
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A2 ELECTRODE ASR AND ACTIVATION ENERGY

Table Al : Electrode ASRs and activation energy (E4) of the reciprocal of ASR for

sample LSC30 at several annealing periods.

Annealing (hours) ASR 800°C (© cm?) ASR 900°C (Q cm?) Ea(eV)
10 11.069 2.870 1.56
20 39.248 9.893 1.59
36 71.405 24.916 1.24
100 307.488 190.501 0.62
600 57.864 15.039 1.56

Table A2 : Electrode ASRs and activation energy (E,) of the reciprocal of ASR for

sample LSC12 at several annealing periods.

Annealing (hours) ASR 800°C (Q cm?) ASR 900°C (Q cm?) Ea (eV)
0 0.263 0.090 127
10 0.729 0.250 1.26
20 2.292 0.688 1.40
36 4.765 1.351 1.46
100 5.418 1.580 1.43

Table A3 : Electrode ASRs and activation energy (E,) of the reciprocal of ASR for
sample CG/LCI10 at several annealing periods.

Annealing (hours) ASR 800°C (Q cm?) ASR 900°C (Q cm?) EA (eV)
0 0.017 0.0036 1.81
4 1.024 0.285 1.48
14 3.738 1.343 1.21
30 6.418 2.330 1.20
94 5.578 1.833 1.30
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Table A4 : Electrode ASRs and activation energy (E4) of the reciprocal of ASR for

sample YC/LC at several annealing periods.

Annealing (hours)  ASR 800°C (Qcm®)  ASR 900°C (Q cm?) Ea (eV)

0 0.027 0.0097 1.19
10 0.248 0.079 1.34
20 0.337 0.105 1.36
36 0.569 0.169 1.42

100 0.690 0.185 1.53

Table A5 : Electrode ASRs and activation energy (E,) of the reciprocal of ASR for
sample YC/LM at several annealing periods.

Annealing (hours)  ASR 800°C (Q cm?)  ASR 900°C (Q cm?) Ea (eV)

0 2.959 1.328 0.97
10 5.257 1.791 1.26
20 32.620 11.632 1.22
36 29.247 11.968 1.07

100 14.592 3.517 1.64

Table A6 : ASRs of sample LSC30 after annealing for 600 hours.

Oxygen partial pressure (atm) 0.21 0.10 0.05
Electrode ASR 800°C (ohm cm?) 57.864 48.077 48.165
Electrode ASR 900°C (ohm cm?) 15.039 9.252 8.304

gb ASR 800°C (ohm cm) 0.018 0.045 0.054
gb ASR 900°C (ohm cm) 0.006 0.018 0.022
bulk ASR 800°C (ohm cm) 0.129 0.223 0.289

bulk ASR 900°C (ohm cm) 0.046 0.085 0.113
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Table A7 : ASRs of sample LSC12 after annealing for 100 hours.

Oxygen partial pressure (atm) 0.21 0.10 0.05
Electrode ASR 800°C (ohm cm?) 5.418 6.578 6.446
Electrode ASR 900°C (ohm cm?) 1.580 1.747 1.358

gb ASR 800°C (ohm c¢m) 0.014 0.009 0.011
gb ASR 900°C (ohm cm) 0.006 0.0036 0.0045
bulk ASR 800°C (ohm cm) 0.0112 0.0106 0.0278

bulk ASR 900°C (ohm cm) 0.0048 0.0045 0.0130
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A3 AC IMPEDANCE RESPONSES
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Fig. Al : AC-impedance responses of (a) CG/LC30, (b) CG/LCY97, (c) CG/LCIA,

and (d) CG/LCI7.
(@) (b)
%0 —m — _— 300 ———— -
.“1101 «891C
= en, AN - - |
- 10H , * « . |
5 150 o p— !'Ezoo 10Hz o o 1Hz
E . : Ew| .
S 100 . . i -3 . A
[ & 5 . | @ 100 .: o .
50,‘ -'\\ o\\ % - Py "\. \
0 \ | (] )
0 100 300 400 500 60 0 200 400 600 800
Riotai - Reiectroiyte (0hm cm?) Reotat - Retectrolyse (Ohm cm?)

Fig. A2 : AC-impedance responses of sample LSC30 after annealing for (a) 20
hours and (b) 36 hours.
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Fig. A3 : AC-impedance responses of sample LSCI2 after annealing for (a) 10
hours, (b) 20 hours, and (c) 36 hours.
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Fig. A4 : AC-impedance responses of sample CG/LC10 after annealing for (a) 4

hours, (b) 14 hours, and (c) 30 hours.
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Fig. AS : AC-impedance responses of sample YC/LC after annealing for (a) 10
hours, (b) 20 hours, and (c) 36 hours.
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Fig. A6 : AC-impedance responses of sample YC/LM after annealing for (a) 10
hours, (b) 20 hours, and (c) 36 hours.
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Fig. A7 : AC-impedance responses before annealing and after 100 hours
annealing in the range of low temperature for (a) LSC30, (b) LSCI2,
(c) CG/LC10 (94 hours), (d) YC/LC, and (e) YC/LM (see overleaf).
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Fig. A7 : AC-impedance responses before annealing and after 100 hours
annealing in the range of low temperature (e) YC/LM.
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Fig. A8 : AC-impedance responses of sample LSC30 in oxygen partial pressure (a)
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Fig. A9 : AC-impedance responses of sample LSCI2 in oxygen partial pressure (a)
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A4 XRD PATTERNS
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Fig A10 : XRD patterns of sample LSC30 after annealing for (a) 10 hours, (b) 36
hours, (c) 100 hours, and (d) 600 hours.
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Fig Al11 : XRD patterns of sample LSCI12 (a) as deposited, after annealing for (b) 10
hours, (c) 36 hours, and (d) 100 hours.
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Fig A12 : XRD patterns of sample CG/LC10 (a) as deposited, after annealing for
(b) 4 hours, (c) 30 hours, and (d) 94 hours.
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Fig A13 : XRD patterns of sample YC/LC (a) as deposited, after annealing for (b)
10 hours, (c) 36 hours, and (d) 100 hours.
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Fig A14 : XRD patterns of sample YC/LM (a) as deposited, after annealing for (b)
10 hours, (c) 20 hours, (d) 36 hours, and (e) 100 hours.



A5 MODELLING

A5.1 THEORY
(i) The Standard Wall Function

In a turbulent flow, the default Launder and Spalding’s law-of-the-wall in
computing the standard wall function is applied [225]:

1
2
u#k

T»

P

12 J— (A1)
K

which under equilibrium conditions reverts to the standard log-law:

¢ T — (A2)
u K

where u* = m,

u is the fluid velocity at the point in the layer,

k is von-Karman’s constant (= 0.42),

k is the turbulent kinetic energy at the point,

p is the dynamic viscosity of the fluid,

E is an empirical constant set by default to 9.8 (smooth wall), and

y" is the dimensionless distance from the wall:
+_Cirkyy

7]
By assuming local equilibrium conditions and constant shear stress in the turbulent

y

boundary layer, equation A3 becomes:

y'=purylp (A4)

Equation Al is applied in turbulent flow when y* > 11.225, and the near-wall cell
centre lies in the viscous sub-layer of the turbulent boundary layer when y* falls
below this value. Equation Al is then not valid in the sub-layer and the calculation
of the wall shear stress has to be calculated using an equation for walls in laminar

flow instead:
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ou Au
Tp= ﬂ; wall™ ﬂ& """ (A5)

When this standard wall function is used, an equilibrium assumption is made
to derive the boundary conditions for k and & The production and dissipation of
turbulence are assumed equal in the boundary layer, implying that the dissipation rate

at the wall follows the boundary conditions:

Cik}
g,=—lf (A6)
Fp

The near-wall value for &, is computed by solving the complete transport
equations for £ in the near-wall control volume, with the wall shear stress included in

the production term and a zero normal gradient assumed for £ at the wall.

(ii) Heat Transfer at Walls in Turbulent Flow

An effective fluid side heat transfer coefficient is obtained from the law-of-
the-wall [225]:

5
4

KAT/An) 1 Py o (PG L (AP
- _xy" T In(Ey )+y+( ] ( )( 1} (A7)

q Pr) sinf\«x/ | Pr,
where & = thermal conductivity of fluid
AT = T, Ty
An = distance from wall to near-wall node point P
q”’ = wall heat flux
Pr = molecular Prandtl number
P, = turbulent Prandtl number (1.2 at the wall)
A = van Driest constant (26)
K = von Karman’s constant (0.42)
E = empirical constant (9.81)
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(iii) Species Diffusion at Walls in Turbulent Flow
An effective turbulent transport of species is computed via a simple Reynolds
analogy between mass and momentum transfer, that is:

J, = pk.Am, —  (A3)

*
where K= o

1
" S, Ty - W

and Sc; is the effective ‘turbulent’ Schmidt number (momentum diffusivity/mass
diffusivity)

A5.2 TEMPERATURE DISTRIBUTION CONTOURS

(@ mf =0.1 b)mf =02

Max temperature 852.7°C Max temperature 1093°C
Min temperature 276.5°C Min temperature 278.2°C
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;ﬁ Min temperature 277°C

Fig. AlS : Temperature distribution contours of at different mixture fractions for
50% alcohol solution.
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Fig. A16 : Temperature distribution contours of at different mixture fractions for
80% alcohol solutions.
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A5.3 MASS FRACTION OF CHEMICAL SPECIES CONTOURS

(a) 50%

02 Mass Fraction
Max =2.266E-01 Min=28.621E-02

225E-01
2.18E-C1
2.418-01
2058-01
199E-01
191E-01
185E-01
1788-01
1728-01
165801
138E-C1
152E-C1
1488-01
13BE-C1
122601
1258-C1
1.188-01
1.128-01
105E-01
98582
9.198-02
832E-(2
786E-02
7.208-02
633E-02
SHTE-02
52E-12
254E-02
399E-(2
3218-02
255E-02

() 70%

02 Mass Fraction
Max = 2.246E-01 Min=2.549E-02

(c) 80%

02 Mass Fraction
Max =2.206E-01 Min=4452E-02

Fig. A17 : Mass fraction of oxygen gas present for (a) 50%, (b) 70%, and (c) 80%
alcohol solutions.
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(a) 50%

H20 Mass Fraction
Max = 1.468E-01 Min=6.145E-03

107E~V1
161E-01
156E~01

(b) 70%

H20 Mass Fraction
Max = 1.668E-01 Min=6624E-03

(c) 80%

H20 Mass Fraction
Max = 1.362E-01 Min=7 538E-03

Fig. A18 : Mass fraction of water present for (a) 50%, (b) 70%, and (c) 80%

alcohol solutions.
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(a) 50%

Co Mass Fraction
Max =1020E-02 Min=5.119E-21

(b) 70%

Co Mass Fraction
Max = 4.503E-02 Min=0.000E+00

(c) 80%

Co Mass Fraction
Max = 3.352E-02 Min= 0.000E+00

Fig. A19 : Mass fraction of carbon monoxide present for (a) 50%, (b) 70%, and (c)

80% alcohol solutions.
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(@) 50%

Co2 Mass Fraction
Max = 1.239E-01 Min=9.713E-04

(b) 70%

Co2 Mass Fraction
Max =2.280E-01 Min=1643E-03

(c) 80%

Co2 Mass Fraction
Max = 1.640E-01 Min=1265E-03

127E-13

Fig. A20 : Mass fraction of carbon dioxide for (a) 50%, (b) 70%, and (c) 80%

alcohol solutions.
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