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ABSTRACT

The development of micro-tubular solid oxide fuelle (SOFCs) has received more
and more attention recently due to a number of atégges of this configuration, such
as high volumetric power output and rapid starshpt-down. Previously, the
fabrication of micro-tubular SOFC was achieved tiglo multiple-step processes,
which involves at least one sintering in each stegking the cell fabrication time-

consuming and costly.

For a more economical fabrication of micro-tubus®FC with more reliability and
flexibility in quality control, an advanced dry-jatet extrusion technique, i.e. a phase
inversion-based co-extrusion process, followed hysiatering and reduction
processes has been developed and systematicaélgtigated in this thesis. At the
beginning of the study, a dual-layer hollow fibrenieh consists of a cerium-
gadolinium oxide (CGO) electrolyte outer layer ppeoximately 80 um supported by
an asymmetric nickel (Ni)-CGO anode inner layersugcessfully fabricated using
this technique. The resultant cell of the corresipog dual-layer hollow fibre

produces the maximum power density of 0.34-0.68WY at 550-600C.

Improvement on the structure of the dual-layerdwlfibres is performed by reducing
the electrolyte layer thickness to as thin asriDand the maximum power density of
the corresponding cell increases to about 1.11 W atr600°C. However, the value

of power density is still slightly lower than whhaave been previously reported in
the literature. One of the major reasons for sumlel power output is the less
effective porosity in the anode layer of hollowréb. Therefore, the optimisation on

anode porosity of the dual-layer HF is carried ant resulting in the outstanding



power output of about 2.32 W &mat 600°C. This result indeed highlights the
advantage of co-extrusion/co-sintering as a fabdonaechnique in developing high

guality micro-tubular SOFC.
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preferred unit to express output values for currdanbsities and area specific

resistances. Likewise, micrometres (um) and miltieee (mm) occasionally describe

NOMENCLATURE
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A area of hollow fibre/micro-tubular SOFC cnt/m?
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a charge transfer coefficient -
s electrical conductivity Scm’
D inner diameter of hollow fibre/micro-tubular SOFC m/cm
Do outer diameter of hollow fibre/micro-tubular SOFC m/cm
efficiency -
F Faraday constant C mol*
I current A
j current density Acm?
jo exchange current density Am?
i limiting current density Acm?
L length of hollow fibre/micro-tubular SOFC m/cm

XX




le electrolyte thickness cm

N the measured load at which fracture occurred N

Ny, infet hydrogen molar flow rate provided to the cell mol s*
ha activation polarisation \Y

he concentration polarisation Y,

hy ohmic polarisation or loss \Y
oCcVv open-circuit voltage \Y;

P gas permeability mol m? s* Pa’
Pelec electric power W

P4 elec power density or power normalized by the effectvea W cm?
Py, partial hydrogen pressure Pa or atm
Pro partial water pressure Pa or atm
Po, partial oxygen pressure Pa or atm
Pa atmospheric pressure Pa

Po initial pressure measured in the test cylinder Pa

Py final pressure measured in the test cylinder Pa

Q gas permeation rate mol s’
R gas constant J mol* K*
ra anode resistance

e electrolyte resistivity cm

\ operating cell voltage \Y;

Ve volume of the test cylinder m°

VN Nernst voltage V

XXi




T temperature K
t time S

P pressure difference Pa
DG, Free or Gibbs energy J mol*
DH Reaction enthalpy J mol*
DS, Reaction entropy J mol* K*

XXil




Chapter 1 Introduction

CHAPTER 1

Introduction

1.1  Background

One of the most challenging issues facing our wdolday is the soaring energy

demand due to the fast growth of the global popratin order to satisfy this need,

huge giga-watt thermal power plants have been lugltto convert fossil energy

resources into electricity. In the meantime, theldvoommunity has started to realise
the importance of alternative energy sources dugeomain reasons; firstly, global

fossil energy resources are limited and we areihgad the end of these resources
and secondly, discharge of gasses associated wathse of fossil fuel may threaten

the environment and health of people.

Although the use of cleaner and more environmenfakndly energy sources such
as solar energy, wind energy, geothermal energyhgdrbelectric energy reduces the
dependency on fossil fuels, it will take a longeitmefore being able to meet the need
of global energy consumption, in addition to theahcial and technical challenges.
As a result, the efficiently use of fossil fuel Wikess impact on environment is the
main concern for today. Due to the same reasonfuttlecell has received a lot of
attention as a promising energy converting devicéuel cell in general is a battery-
like energy generator that produces electricityodigh an electrochemical process
without involving combustion. As fuel cells convélne chemical energy directly into
electricity, they have the potential to operatehigher efficiency than an internal

combustion engine, extracting more electricity frdm same amount of fuel. They

1
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are also more environmental friendly because theydyre less emission than
combustion system. Furthermore, fuel cells are ablecontinuously generate
electricity as long as the fuel and the oxidant@ided to the cell. The fuel of fuel
cells is stored externally and therefore, it widtrbecome internally depleted. Fuel
cells are mechanically ideal because these deviage no moving parts, making

them quiet and reliable sources of power.

A general schematic diagram of a fuel cell is ptded in Figure 1.1. The heart of a
fuel cell system is an electrolyte, which is sarthed between the two conducting
electrodes (anode and cathode). Fuel cells operatecombined oxidation-reduction
reaction. Fuel is oxidised in the anode compartnagmt oxidant is reduced in the
cathode compartment. The ions (whether positiveegiative ions, depend on type of
fuel cells) migrate through the electrolyte fromeoglectrode to the other, while the
electrons travel through an external circuit whigsults in the generation of an

electric current.
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Figure 1.1: Schematic diagram of fuel cell.
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Fuel cells are not a new technology. Their origin be dated back to the™6entury,
when Sir William Grove invented a “gas voltaic leayt’ cell [1], which drew a
current between two platinum strips (one in hydrogend another in oxygen)
positioned in two separated test tubes filled withte sulphuric acid, as illustrated in

Figure 1.2.

Platinum

electrode Dilute

<1— sulphuric
acid

Figure 1.2: Schematic of gas voltaic battery cell [2].

However, due to the corrosion of the electrodes imsthbility of the materials,

Grove’s fuel cell was not practically useful, theitwhy there were not many efforts
carried out in the following years. Yet, Ludwig Mbrand Charles Langer were
among the first researchers using the term of “6edll' when they constructed a fuel

cell device in 1889 using industrial coal gas &sftlel and air as the oxidant [3].

Significant work on fuel cells resumed again in tt@30s by a British inventor,

Francis Thomas Bacon, when he experimented witv&€sase of activated platinum
gauze with a sulphuric acid electrolyte [4]. In &##10s, Bacon successfully produced
the first practical fuel cell which was an alkalinersion. He used an alkaline

electrolyte instead of dilute sulphuric acid and #lectrodes were constructed from

3
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porous sintered nickel powder so that the gaselsl abifiuse through the electrodes to
be in contact with the aqueous electrolyte. Thisrefgreatly increased the contact
area between the electrodes, the gases and theobfes; resulting in the increased
power density of the fuel cell. In addition, theeus nickel was much less expensive
than platinum. In late 1950s, National Aeronauéind Space Administration (NASA)
began developing a compact electricity generatotlfe use on space missions and
fuel cells have been providing electricity and wate spacecraft since the 1960s.
More recently, many companies and governmental@gemave supported research
of fuel cell technology for the possible uses iatishary power plants, homes,

vehicles, watercraft and portable electronic devioeluding cell phones.

Fuel cells can be classified according to theirrapen temperatures, cell operating
fuels and/or design features; nevertheless the oowstnon classification is based on
the type of electrolyte as different kinds of ima be conducted by different types of
electrolytes. Table 1.1 summarises the charadteyist different types of fuel cells.
Proton exchange membrane fuel cells (PEMFC), alkaluel cells (AFC), and
phosphoric acid fuel cells (PAFC) are operated urmldow temperature range.
Molten carbonate fuel cells (MCFC) and solid oxilel cells (SOFC) are high
temperature fuel cells. For SOFCs, temperaturesab@&D0 °C are considered as the

intermediate operation temperatures.



Table 1.1 Characteristics of different types of fuel cells.

PEMFC AFC PAFC MCFC SOFC
Electrolyte lon-exchange Mobilized or Immobilized liquid Immobilized liquid Ceramic
membrane immobilized KOH HsPO, molten carbonate
Operating temperatures {C) 80 120-250 200 650 500-1000
Charge carrier H* OH H* CO#” o*
Prime cell components Carbon-based Carbon-based Graphite-based Stastéeds Ceramic
based
Catalyst (Electrodes) Platinum Platinum Platinum Nickel Oxide perovskite
or metal ceramic
composites
Product water management Evaporative Evaporative Evaporative Gaseous prtodudsaseous product

T J21deyd
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SOFCs exhibit various advantages over other typdaeb cells. The use of a solid
electrolyte, instead of liquid, makes SOFC easiemaintain as it reduces corrosion
and catalyst wetting problems. A major advantag8©FC is that hydrocarbons can
be used directly as fuels without the need forherttransformation. The high
operating temperature ensures that fuels will irglly reform and then being oxidised
rapidly without the need for any specialised anpemsive catalysts. The lack of high-
activity catalysts that can be easily poisoned g@s®s SOFC a high tolerance to
impurities. SOFC can achieve the highest total ggnefficiency among all types of
fuel cells. Besides, generated heat can be eatslilyed in a simple and economical

way.

There are several designs of SOFCs and currerglynibro-tubular SOFC with sub-
millimeter inner diameters is being extensivelyastigated [5-16]. This configuration
shows the advantages in terms of volumetric povwesrsities and thermal shock
resistance. Previously, the fabrication of micrbttiar solid oxide fuel cells (SOFCs)
can only be achieved through multiple-step processkere each step involves a high
temperature heat treatment, making the cell faboigca@xtremely expensive and time-
consuming [5-15]. Clearly, combining the multiptefss into a single step is desirable
in cutting the production time and costs, and siamdously reduces the fuel cell

price.

In this work, a novel single-step phase-inversiasda co-extrusion/co-sintering
technique has been employed to fabricate elecéfalgpde dual-layer hollow fibre for
intermediate temperature micro-tubular SOFCs. Rddhe co-extrusion process, the
electrolyte and anode materials are separatelydmwith solvent, polymer binder and

additives to form the outer and inner layer susjpgrssrespectively. Both suspensions
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are then simultaneously co-extruded through a eirquifice spinneret, passing
through an air gap and finally into an externalgrdation bath. In the meantime, a
stream of internal coagulant is supplied throughdéntral bore of the spinneret. The
layer thicknesses are controlled by adjusting tki&usion rate and sizes of the
spinneret orifices, while the macrostructures canvaried by adjusting suspension
viscosity, air gap and flow rate of internal coagul The hollow fibre precursor is
finally co-sintered at high temperatures as a ptoceto remove polymer binder and

densify the ceramic materials.

1.2PhD Objectives

The main objective of this thesis is to develophhguality electrolyte/anode dual-
layer hollow fibres for intermediate temperaturecroitubular solid oxide fuel cells
(SOFCs) via a single-step phase inversion-basegktrasion/co-sintering technique.

This objective has been achieved by accomplishiaddllowing specific objectives:

) To fabricate defect-free dual-layer hollow fibre @cursors in a single step
co-extrusion process

Cerium-gadolinium oxide (CGO) electrolyte/CGO-nickexide (NiO) anode dual-

layer hollow fibre precursors for micro-tubular SOHRs prepared by the phase

inversion-based co-extrusion process using a topfee spinneret. The main

concern of this task is to produce a hollow fibrhiak consists of a uniform and

delamination-free electrolyte outer layer suppotigd thick asymmetric anode inner

layer.
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i) To determine the optimum co-sintering profilef adhe dual-layer hollow
fibres
The dual-layer hollow fibre precursor is subjectedthe co-sintering process as a
procedure to transform the precursor into a sticergmic body. Since the use of right
sintering profile is essential to prevent the fotiora of crack, therefore the sintering
behaviour analysis was carried out in this work.e Taffects of co-sintering
temperature on the properties of the dual-layetoholfibre, such as shrinkage
behaviour, morphology, mechanical strength, gastitigss of the electrolyte layer,
gas diffusion and conductivity of the anode layeg also investigated by varying the

co-sintering temperatures from 1450 to 1860

1)) To develop a micro-tubular SOFC and measures itelectrochemical
performance

A micro-tubular SOFC is built up by depositing altmlayer cathode onto the dual-

layer hollow fibre followed by the connection ofrcent collectors to both anode and

cathode layers. The electrochemical performancehef cell is measured by a

potentiostat/galvanostat at temperatures of 550&°C, using humidified hydrogen

as the fuel and air as the oxidant.

iv) To improve cell performance by reducing elediyte layer thickness

The effects of the electrolyte thickness of dugkla hollow fibre on the
electrochemical performances of the cell are studie the meantime, the minimum
thickness that can guarantee the gas-tightnesshef etectrolyte layer is also
investigated together with a series of characteoisan other hollow fibre properties

such as the macrostructure and mechanical strength.
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V) To fabricate anode hollow fibre with different asymetric structures and
investigate the effect of the macrostructure on taeode properties

Anode single-layer hollow fibres with various asyetnit structures, which are

characterised by the length of finger-like voideg &abricated by varying the non-

solvent content in the spinning suspension. Therosawicture of these anode hollow

fibres is observed using scanning electron micnegcand mercury porosimetry

analysis and the properties of the hollow fibres studied using gas permeation test,

three-point bending test and electrical condugtimneasurements.

Vi) To optimise the anode porosity of the dual-laymllow fibore SOFC

A further development on the structural design teé electrolyte/anode dual-layer
hollow fibres has been carried out, aiming to paelhigh performance micro-tubular
SOFC. Various asymmetric structures of the anoderitayer of dual-layer hollow
fibre are achieved by applying the knowledge tkagjained through controlling the
asymmetric structure in anode single-layer holldwef. The three-point bending test,
gas permeation test and electrochemical measurerhamé been used to investigate
the effect of finger-like voids thickness on thendmg strength, gas-tightness

property and fuel cell performance of the dual-tadyalow fibres, respectively.

1.3  Thesis Structure and Presentation

This thesis is comprised of 7 chapters addressifeyeht aspects of the fabrication of

the dual-layer hollow fibres, the use of thesed#as micro-tubular SOFC and how to
enhance cell performance by adjusting fibre thiskrnend macrostructures. Figure 1.3

shows the overall structure of the thesis.
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Electrolyte/anode Anode single-layer
dual- layer hollow fibre hollow fibre

Chapter 3 Chapter 5
Fabrication and Fabrication and
characterisation of defect-free characterisation of various
dual-layer hollow fibre for macrostructures of asymmetrif

micro-tubular SOFC anode hollow fibre

Chapter 4
Study on the effect of
electrolyte thickness of dual-
layer hollow fibre on micro-
tubular SOFC performance

Chapter 6
Study on the effect of anode
macrostructure of dual-layer
hollow fibre on micro-tubular
SOFC performance

Chapter 7
Conclusions and recommendationg

Figure 1.3 Overall structure of the thesis.

Chapter 1 briefly introduces the concept and hystdrfuel cells, the objective of the
study and overview of the thesis. Chapter 2 dessrihe operation, thermodynamic

and materials of the SOFCs in more detail and systieally reviews the research

10
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background and up-to-date development of microlarb8OFCs. The concepts of
phase inversion-based co-extrusion/co-sinteringriecie are also explained in this
chapter. Chapter 3 reports the success of thecktlon of electrolyte/anode dual-
layer hollow fibre precursors using the co-extrastechnique. This chapter also
reports the effect of co-sintering temperature loa properties of dual-layer hollow
fibres and the development of a complete fuel fteth the corresponding dual-layer

hollow fibre.

Chapter 4 describes the improvement on the stricfithe dual-layer hollow fibres
by studying the effects of the electrolyte thicksxesn the properties and
electrochemical performance of the dual-layer wolltbre. Meanwhile, Chapter 5
explains the fabrication of the anode single-laymilow fibres with different

asymmetric structures and their characterisatianiffy respect to the pore size
distributions, porosity of fibres, mechanical sgmn gas permeation and electrical
conductivity. Chapter 6 reports the developmenhigh performance micro-tubular
SOFC using an improved anode structure of the ldyak hollow fibre, in which the

procedure to fabricate such structures are destibdetail in the Chapter 5. Finally,
Chapter 7 concludes the progress achieved in nudrolar SOFCs and some

suggestions for future study are given.
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CHAPTER 2

Literature Review

2.1  The Operation Principles and Thermodynamics c§OFC

The operation of a SOFC involves two primary elsidér reactions, i.e. the oxidation

of fuel at the anode and the reduction of oxiddritha cathode. In theory, any gases
capable of being electrochemically oxidised or weal at the SOFC operating

temperature can be used as fuel or oxidant. Howéwelrogen is presently the most
commonly used fuel in SOFCs because it has higtirelthemical reactivity and can

be derived from common fuels such as hydrocarbainshol and coal. Oxygen is the

most common oxidant for SOFCs since oxygen is heatid economically available

from air.

The operating principles of a hydrogen-oxygen SQ§Ghown in Figure 2.1. The
electrolyte is usually made of an oxygen ion comidgc material with oxygen

vacancies in the crystal structure allowing thefudibn of oxygen ions at high
temperatures. At the cathode, oxygen gas “captueésttrons and is reduced to
oxygen ions. The oxygen ions move through the ebdeé and then react with
hydrogen gas at the anode to release electrondoamdwater as the product. The
electrons flow from the anode to the cathode thihoag external circuit where the

current is generated.

13
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Figure 2.1 Operation principles of solid oxide fuel cell.

The operation principle of the SOFC is based onl wetlerstood thermodynamics
and electrochemistry. The efficiency) (of a fuel cell is the ratio of the electrical

energy produced by the cell to the chemical enefgthe reaction [1]. The energy

output is expressed by the free or Gibbs enefy, () of the combustion reaction of

the fuel at the operational temperatui@. (The chemical energy of the reaction is
expressed in terms of enthalpypH,) or heat of combustion of the fuel at the
operational temperature. Thermodynamically

_ DG, _DH,-TDS, _, TDs,
DH, DH, DH,

(2.1)
where DS; is the entropy of the reaction at the operati¢e@peraturd.

The Nernst voltageW,) is the maximum voltage that can be achieved I80&C
under specified temperature and gas compositigpscan be calculated from the

Nernst equation, which is

VN = ﬁJrﬂm Pr/Po, (2.2)
2F 2F Ph,0
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where DG, is the Gibbs energy at the operational temperatars the Faraday
constantR is the gas constant, is the cell temperature ang, , p, and p, , are

the partial pressures of hydrogen, oxygen and wedspectively.

The voltage of an operating cell)(is normally lower thaVy. As current densityj)
is drawn from the fuel cell, the cell voltage fatlsile to the increase of the cell
polarisation. The three main polarisations in SQH€ (i) activation polarisatiomn,,

(i) ohmic polarisation or losd},,4 and (iii) concentration polarisatiofis [2].

Activation polarisation /., is related to the reaction rate at the electro@&gmical
reactions involve an energy barrier that must erayme by the reacting species and
this energy barrier, called the activation enenggsults in activation polarisation.

Activation polarisation is related to current déygi, by the following equation:

. . ah,F . (1- a)h,F
= exp——=a— - jexp—2— 2.3
] Jo®Xp Joexp RT (2.3)

wherea is the charge transfer coefficient ads the exchange current density. The
transfer coefficient is considered as the fractadnthe change in the polarisation
which leads to a change in the reaction rate cahstée exchange current density is
the forward and reverse electrode reaction ratieeaequilibrium potential. Activation

polarisation is generally due to one or more sl@ate+«determining steps in the
electrode reactions. The slow step could be therpten of reactant onto the

electrodes surface, electron transfer, desorptfopraduct or any other steps in the
reactions. The electrode reaction rate is a functd temperature, pressure and
electrode material. At high temperature operati@action rate is usually very fast

and as a result, activation polarisation in SOFGsigally small.
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The ohmic polarisationf1,, is usually caused by ionic resistance at thetreligte,
mixed ionic and electronic resistances at the edes and contact resistance at the
interfaces. In a SOFC, the resistivity of the elaides is relatively much smaller than
that of the solid electrolyte,.. Assuming that the contact resistance is negkygithie
ohmic polarisation is a direct function of the @tetyte thicknessle:

hw = jrele (2.4)

The resistances of SOFC components are commonhessgd by the area specific
resistance (ASR). ASRs the electrolyte resistance per unit area. is Way, /,/is
simply expressed as

hw = JASR (2.5)

Concentration polarisationfr, or also known as diffusion polarisation can be
significant when the electrode reaction is hindebyd mass transport effects for
example, when the feeding of the reactant andimowing of the reaction product
from the electrode is slower than the dischargecwient densityj. When the
electrode process is governed completely by the difigsion (because of low
concentration of reactant in the feed gases orusecdéhe reactant conversion is
approaching 100 %), the limiting current density (s reached (characterised by a
rapid drop in cell voltage). For an electrode pesclee of activation polarisation, the

concentration or diffusion polarisation is expresae

he= —lnil- - (2.6)

The operating voltageVj of the SOFC at any current densitfy¢an be estimated by
subtracting all the voltage losses discussed abowe the Nernst voltagevf) or the

open-circuit voltage (OCV) [2]. Therefore, the \agje of an operating cell is given by
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V = VN'ha'hW' hc (27)

Figure 2.2 shows the operating cell voltage asration of the operating current
density. It also illustrates the region in whichrigas types of voltage losses
predominate. From this figure, it can be seen #tdow current density, the major
contribution to the cell voltage losses is from #ativation polarisation as indicated
by the sharp drop in cell voltage with the incragscurrent density. As the current
increases, the internal resistance polarisatiarhatic loss dominates, as exhibited by
the slight voltage decrease in Figure 2.2. At hldghrent density, the cell resistance is
mainly from the mass transport limitations, resgtiin a rapid decrease in cell
voltage. Under ideal conditions (i.e. all the pidation losses are zero), a constant
voltage is expected and characterised by a stréighparallel to the current density

axis, as indicated by the dotted line in Figure 2.2

Voltage losses

ha- hy - he

Voltage losses
due toh,

Voltage losses \

due toZy \
Voltage losses \
—
due to/

Limiting current density _\,

Cell voltage V)

Current densityj{

Figure 2.2 Schematic of typical SOFC current-voltage curlieveing the operating

cell voltage and voltage losses as a function ®@fojberating current density.
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The electrical power produced by the SOFC can lrileded from the operating cell
voltage and current produced by the SOEC,

Pelec = VXI (2.8)

The power density or power produced normalisechbyeffective area is a commonly
used metric in the fuel cell domain. The activeaaused to compute the current
density at any current is usually the area of tle¢ for working) electrode [3]. In the
case of the micro-tubular SOFC, in which the an@del electrode) is commonly in
the inside of the micro-cell, the SOFC arAaié given by:

A = pDiL (2.9)
whereD; is the inner diameter of the micro-tubular SOFC hnslthe active length of
the micro-tubular SOFC. The current densjlyand power densityP§eed are then

computed from the measured curreby:

. |
= — 2.10
j A (2.10)
Pelec H
Pdelec = A = VX] (2.11)

2.2 SOFC Components

Selection of materials for SOFC components is wéifficult due to their high
operating temperatures of typically around 500-1000 The component materials
must be chemically stable and compatible and shioalgimilar in thermal expansion
coefficients (TECs) in order to minimise the thehmauced stresses between the cell
components and avoid crack formation during faltiocaand operation processes.
The materials must also be stable in the oxidisamgl/or reducing operating

environments and exhibit high strength and toughnEsrthermore, the cost of the
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component materials and manufacturing processeisngi@tant factors in the choice
of materials. The four major components in a fuedl are the electrolyte, the anode,
the cathode and the interconnect and each of tiledmiefly discussed in the

following section.

2.2.1 Electrolyte

The electrolyte of a SOFC is a solid oxide matenhich is capable of conducting
oxygen ions at elevated temperatures. It shoulsblid and impermeable to gasses to
avoid direct contact between fuel and oxidant. Ehectronic conductivity of the
electrolyte should be negligible to minimise powesses due to short circuiting.
Other properties that an electrolyte should possedsde great thermal and chemical
stability at elevated temperatures under both eidi and reducing environments.

Furthermore, its TEC should compatible with oth&lt components [2].

The most commonly used electrolyte in SOFC is Bsa&lgl zirconia (Zr@) with
fluorite structure because of the high oxygen-ionductivity and desirable stability
in both oxidising and reducing atmospheres. ArGts pure form exhibits three well-
defined polymorphs. At room temperature, Zi@as a monoclinic crystal structure.
The monoclinic structure changes to a tetragonah fabove 1176C and to a cubic
fluorite structure above 237AT. The cubic phase exists up to the melting pofnt o
2680 °C. However, the addition of certain aliovalent @ddcan stabilise the cubic
fluorite structure of Zr@ from room temperature to its melting point. Thenooon
stabilising dopants for ZrDinclude calcium oxide (CaO), yttria §®3), magnesia
(MgO), scandia (S€3) and certain rare-earth oxides. The stabilisatibArO, using
these kinds of dopants has also resulted to theowement in the mechanical and

thermal properties of the ZpOFurthermore, the addition of substitutional casio
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(e.g. C&", Y**, Mg®", S¢") which have lower valence than zirconium ion*(Er

induces the generation of oxygen vacancies forgghaompensation. As an example,
the substitution of Z¥ with Y** causes negative net charge in the lattice; foryeve
mole of Y05 incorporated into the ZrQattice, the charge neutrality condition is kept

by forming an oxygen vacancy.

In order to understand the formation of oxygen wagain an oxide, a short

explanation of defect chemistry is given. In aralderystal structure, ionic conduction
is hindered because the atoms are tightly bonded rem migration is possible.

However, in real crystals, defects occur. Such adsfean be point defects, line
defects or planar defects. Point defects can leaonic conductivity in the crystal, as
point defects are missing atoms (vacancies) ortsutisnal atoms on sites that would
normally be occupied by another type of atom. Bynig Y,O3 as the example of the
stabilising dopant, the point defect chemistry mfania occurs through the creation

of oxygen vacancies according to the reaction below

Y03 - %® 2Y, +V, + 30§ (2.12)

The standard Kroger-Vink notation that is usedhis thesis is explained in Figure

2.3, for example, ¥, means Y in the Zr site with the apparent negativarge and
V', is the vacancy in the oxygen site with two posittharges. @ is the lattice

oxygen, i.e. oxygen in the oxygen site with netrgkaof zero.
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Effective charge on the defect:
- - for a positive charge
- * for a negative charge
- *for natural charge

Chemical species:

V for vacancy —> AC
e for electron Se—__|

h for hole

Type of lattice site occupied
by the defect

Figure 2.3 The Kroger-Vink notation for defect chemistry.

The existence of vacancies on the oxygen site gigedo the high ionic conductivity
of stabilised Zr@. Oxygen is transported by hopping through its magasites
(vacancy diffusion mechanism). The maximum conditgtiof stabilised ZrQ is
obtained at or near the minimum quantity of dopaufuired to fully stabilise the
cubic fluorite phase [4-6]. The conductivity theacteases with further increases in
dopant concentration which believed to be due fealerdering, vacancy clustering,
or electrostatic interaction at high dopant conediuns [7]. Although Y¥Os-
stabilised ZrQ (YSZ) does not have the highest conductivities,ZYiS most
frequently used as SOFC electrolyte because @viaslability and low cost [2]. For
YSZ system, the XOs; composition at which the maximum conductivity omcu

appears to fall between 8 and 10 mol% [8].

2.2.2 Anode

The main function of the anode is to provide reactsites for the electrochemical
oxidation of the fuel. For this purpose, the anondeds to be porous and permeable to
gasses [9]. Other important properties that thedarghould have are good electrical
(electronic) conductivity, high catalytic activifgr the fuel oxidisation reaction and

thermally and chemically stable at high temperatwaed reducing atmospheres. In
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addition, the TEC of anode have to be matched whdt of the other fuel cell

components [2].

Many metals and ceramic materials have the requirederties for a SOFC anode.
Due to its low cost, high electronic conductivitgdagood catalytic activity for the
oxidation of hydrogen, metal like nickel (Ni) is stesuitable. As a standard practice,
Ni is always mixed with the electrolyte materialgieYSZ). The functions of the YSZ
in the anode are to support the nickel-metal dadjcinhibit coarsening of the
metallic particles at the fuel cell operating temapere, provide anode’s TEC
acceptably close to that of electrolyte (TEC ofaNd YSZ are ~17xIDK™[10] and
~11x10° K [2], respectively) and also enlarge the triplegghdoundary (TPB)
region. TPB is the area in the electrodes (anodecathode) where three important
components, i.e. oxygen ion, gas and electron,dceedch. Therefore, in the anode,
TPB is always referred to the region where it cmst@porous cermet of Ni-electrolyte
material (e.g. YSZ) as the oxygen ions transpadugh the YSZ phase, fuel diffuse
through the porous structure and the electronsymexd travel through the Ni phase.
The concentration limit of Ni, at which there isoegh Ni to form a continuous
electronically conducting path and to absorb aigefit quantity of hydrogen during

the oxidation at anode, is generally accepted tarbend 40-60 wt.% [11].

One of the key factors in the preparation of Ni-Y&Zodes is to tailor and control
their morphology because the characteristics aatullgy of the anode microstructure
significantly affect electrochemical performanceetéctrode [12]. In most cases, the
SOFC anode is first made with NiO and YSZ. The M@hen reduced in-situ to Ni

metal when exposed to the fuel in the fuel celle Téduction of NiO to Ni increases

the porosity of the anode due to the volume chasge result of oxygen loss. In terms
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of the conductivity, although the anode usuallyches its maximum conductivity
very quickly, it may fall-off slowly until a steadgtate is achieved [13,14]. The
maximum conductivity is achieved when enough Ni@guced to form a continuous
Ni-metal matrix and the fall-off corresponds to dosf Ni particle contact as the

particles shrink due to further NiO reduction.

It is generally accepted that Ni metal plays a lgatarole in the fuel oxidation
reaction. Although the definite mechanism for thgldegen oxidation at Ni-YSZ
anodes has not been well established, it is beligvat the reaction proceeds through
at least two steps [2]:
1. Dissociative adsorption of hydrogen on Ni:
Hz « 2Had i (2.13)

2. Charge transfer reaction:

2Hagni« 2H, + 26 (2.14)
05 « OZyvsz + Vo (2.15)
2H;d’Ni + 203SZ « 20H., (2.16)
20H;,, « HO + 0%, (2.17)

There is evidence that suggesting the YSZ playsmportant catalytic role in the
hydrogen oxidation reaction ifJ@ or oxygen-containing molecules are present in the
fuel [2]. Water may provide adsorbed oxygen speoieshe Ni, and the kinetics of
the hydrogen oxidation is probably related to tkggen activity on the metal surface
[15]. In this case, the proposed mechanism is Bgws, in which both the Ni and
YSZ surface contribute to the anode process [2]:

1. Dissociative decomposition of,B:
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H2O « Oagni + H2 (2.18)
2. Dissociative adsorption of hydrogen:

H. « 2Haqysz(on YSZ surface) (2.19)

H2 «  2Haq ni-o (On Q¢covered Ni surface) (2.20)

3. Charge transfer reaction:

Og « Ogyvsz + Vo (2.21)
OZ sz + Ouani« Oadysz+ OZ (2.22)
02, « Ouani+ 26 (2.23)
2Hag,ysz+ Oad,ysz« H20 (2.24)
2Hag ni-o + Cagni« H20 (2.25)

Apart from that, it was also found that the pregeat HO strongly influences the
polarisation of the electrochemical oxidation ofdlggen in the anode [2]. The
oxidation of dry hydrogen occurs with significamtigrisation or interfacial resistance,
whereas the polarisation is much smaller for hydndg,O mixtures [16-18]. A few
mole percent of KD in hydrogen can dramatically reduce the anoderfential
resistance [16] but the resistance would increabgga HO concentrations [17]. The
role of HO in the hydrogen oxidation is yet not clearly ustieod although kO is
believed to adsorb on the surface of the YSZ amaden reactive sites around the
TPB, as shown in the above reaction mechanism 22%), resulting in the increase

of reaction rate [19].

2.2.3 Cathode
The function of the cathode is to provide reactsites for the electrochemical

reduction of the oxidant. For this purpose, cathslteuld be porous and permeable to
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gasses. Other important properties of a cathodehagk electrical (electronic)
conductivity, catalytically active for the redudatioreaction and thermally and
chemically stable at high temperatures and oxidisiondition. In addition to these,

TEC of the cathode should match with other fuel c@nponents [2].

Noble metals and conducting (electronic or mixegides are suitable for SOFC
cathodes due to their stability at high temperatuMoble metals like platinum are
very expensive and hence, not practical. A varietydoped oxides meet the
conductivity and stability requirements but, veswf have TECs compatible with
electrolyte which usually is YSZ. The TEC of lamian manganite (LaMn§) is
almost similar to YSZ and as a result, it has bsslely used as the cathode of high
temperature SOFC. LaMnelongs to the class of perovskite oxides of theegal
formula ABG;. LaMnQ; shows intrinsic p-type conductivity due to the fation of
cation vacancies and its electrical conductivitgimut 1¢ Scmi' and 0.1 $m™ at
room temperature and 760 respectively [2]. The electrical conductivity ldMnOs
can be enhanced by substituting a lower valengercan either the A or the B sites.
LaMnO; has been substituted with various cations suchasisirh (B&"), calcium
(Cd™), cobalt (C8%), magnesium (M%), nickel (N#*), pottasium (K), sodium (N3),

strontium (S¥9), and yttrium (¥").

Up to now, ST dopant is most commonly used in SOFCs because DgMoped

with this cation or commonly known as lanthanunoestium manganite (LSM) shows
high electronic conductivity in oxidising atmospégrand its thermal expansion
matches with the other cell components [20-29]or8tum doping enhances the

electronic conductivity of LaMn@by increasing the Mt content by the substitution
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of La®>" by SF* as shown below and the electronic conductivity 8M takes place

via the small polaron conduction mechanism [2].

LaMnQ; %% La¥, Sri*Mn* Mn i O; (2.13)

Similar to the anode, LSM is usually mixed with Y8Zorder to minimise the TEC
difference between cathode (TEC of LSM = ~12%10" [2]) and electrolyte (TEC of
YSZ = ~11x1@ K™ [2]) and also to improve the ionic conductivityoperty and

subsequently broaden the TPB region in the cathode.

2.2.4 Interconnect

Under typical operating conditions (with the fudl loydrogen and the oxidant of
oxygen), the voltage of a single cell is usuallgsieghan 1 V. Thus, practical SOFCs
are not operated as a single unit, but are conthéctelectrical series to build voltage.
A component known as interconnect connects theeaonbdne cell to the cathode of
the next cell in a stack. It also separates theamti channel of a cell from the fuel
channel of the next cell. The gas channels areddran the faces of the interconnect
to distribute the gasses along the surface of relées. The interconnect should be
solid and impermeable to gasses and have goodiet¢éatonductivity. It should also
be thermally and chemically stable at high tempeest and in both oxidising and
reducing environments. Its thermal expansion hdmetoomparable with the other cell

components [2].

Lanthanum chromite (LaCePhas been widely used as the interconnect matefial
high temperature SOFC. The particularly attracteatures of the material include
high electronic conductivity under fuel and oxidatmospheres, adequate stability in

the fuel cell environment and reasonable compatbiVith other cell components.
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Moreover, LaCrQ@ is often doped with other elements to tailor ammhtml its

properties for SOFC application [30-33].

2.3 Intermediate Temperature SOFC

High temperature SOFCs (HT-SOFCs) operated at 800-C normally show less
voltage losses due to the higher electrolyte cotndticand faster electrode reaction
rates. Direct use of hydrocarbons as the fuelsnahe&r advantage of HT-SOFCs
because of possible internal reforming at elevagedperatures. In addition, carbon
monoxide is a fuel, instead of an electrocatalgssgn for HT-SOFC, in contrast to
some low temperature fuel cells (e.g. alkaline ftedl). However, materials used at
high temperatures have to meet strict requiremandsthus limited materials can be
used for high temperature operation and they arergdy expensive and hard to
fabricate. Furthermore, inter diffusion of elemeistgjuite fast at high temperatures,
leading to the change in composition and matetrattire of the components. As an
example, LSMcathodes and YSZ electrolyte might react at theriates and form
lanthanum zirconate (L&r,O;) with high resistivity, leading to the gradual

degradation of the cell performance [34].

By lowering the operating temperature of SOFCsomiad 500-700C, a much wider
range of materials can be used allowing more ecararfabrications particularly for
the stacking components. The other advantageseshtipg at lower temperatures are
that it accelerates start-up/shut-down times, reslucorrosion rate of metallic
components, improves durability (as the materigjraéation and elemental inter-
diffusion between component are significantly sldwdown) and enhances the

construction robustness through the use of leskistopated sealants and metallic
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interconnects. This makes intermediate-temper&@@ECs (IT-SOFCs) preferable to

HT-SOFCs.

There are mainly two routes by which SOFCs cangeraied at lower temperatures
with comparable cell performance to the higher terafure counterparts. Firstly, the
dimensional thickness of the electrolyte can baiced to a very low level to reduce
the area specific resistance of the cell. Seconadg, of materials with high ionic
conductivity at lower temperatures for the elegti®I[35]. When the temperature is
lowered than 700C, the thickness of YSZ electrolyte has to be reduo 15 um or
less for sufficient ionic conductivity, which imph that the electrolyte can no longer
be self-supported. In this case, the thin YSZ ebdyte layer is usually supported on
an electrode support. However, if the temperatsriuither dropped to 500-60C,
the conductivity of YSZ turns out to be too low ev&a very thin layer is used [36].
Thus, an alternative electrolyte material whichibith a higher ionic conductivity at

those temperatures has to be used.

2.3.1 Electrolyte of IT-SOFC

As a primary component of the SOFC, an electrobftéigh ionic conduction and

good compatibility with electrodes is essentialmaintain high cell performance at
lower operating temperatures. The developmenteaftedlyte materials for IT-SOFCs
has been systematically reviewed recently [37-408 @ number of electrolyte
materials with high ionic conductivity have beesdibsed and studied for IT-SOFC
such as calcium oxide-stabilised zirconia (CaS&jladinia-doped ceria or commonly
known as cerium-gadolinium oxide (CGO), yttria-ddomeria (YDC), calcium oxide-

doped ceria(CDC), strontia,magnesia and cobalt oxide-dopkohthanum gallate

(LSGMC) and yttria-stabilised bismuth oxide (YSBjigure 2.4 compares the
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conductivities of these electrolyte materials #tedent temperatures, along with YSZ
(conductivity data were obtained from [37] and [4T]he transport of oxygen ions in
electrolyte of SOFCs is thermally activated and the result, the electrolyte
conductivity is strongly dependent on temperatufes.can be seen in Figure 2.4,
most of these electrolyte materials except CaSZAvshigher ionic conductivity at

intermediate temperatures when compared with YSZ.

Temperature (°C)
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Figure 2.4 Conductivity of selected SOFC electrolytes asuacfion of reciprocal
temperature. YSB [(BO3)o.75(Y203)0.29; LSGMC (LaysSh.2Gan gMdo.115C00.08:403);
CGO (CedGthi0n19; YDC (CesY020199; CDC (CeCa101g); YSZ

[(ZrO2)0.9AY 203)0.0d; CaSZ (Zp.gCe.1501 85).
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Doped ceria (Ceg@ is considered as one of the most promising elgte materials
for IT-SOFC and will be discussed in detail in thection. Ceria has a stable fluorite-
type structure from room temperature to its melfpont [42] and therefore, CeO
does not need any stabilisation. Thé'Gmtion adopts cubic close packing and all the
tetrahedral sites are occupied b§ @nions leaving an 8-fold Ce coordination with

oxygen, as shown in Figure 2.5.

Cerium

. Oxygen

Figure 2.5 Cubic fluorite structure of CeO

Pure Ce@shows n-type electrical conducting behaviour, Whakes place through a
small polaron hopping mechanism. The absoluteretat conductivity of Ce@is a
function of temperature and oxygen partial pressBree Ce®@ has negligible ionic
conductivity. Doping Ce@with low-valence metal oxide results in the forroatof
oxygen vacancies which subsequently increasesottie conductivity of the doped
CeQ. Various dopants have been studied such as lamtflamOs), yttria (Y203),
samaria (S0s), gadolinia (GgO3), and other rare-earth oxides. It has been gdperal
agreed that the closer the ionic radius of aliaviaBloping cation to the host cation,
the higher the ionic conductivity is observed ani@ Sni* or GF* in the case of C&
[41]. Gd-doped Ce®or commonly known as CGO is the most extensivelgied for

CeQ-based electrolyte. Similar to YSZ, ionic conduityivof CGO also occurs due to

30



Chapter 2 Literature Review

the diffusion of oxygen vacancies {V through the lattices. For the &} as the
dopant, the oxygen vacancy reaction is as follows:

G0z - 2Gd., + Vg + 30} (2.8)

A higher concentration of these vacancies resnl& better ionic conductivity of the
material due to a large number of the charged sliffu species. As can be seen in
Figure 2.4, the ionic conductivity of CGO is muclgtter than that of YSZ at
temperature range of 500 to 78D. However, at high temperature (>6%L) and/or
low oxygen partial pressure{x10*° atm), C&" of CGO tends to partially reduce to
Ce* and the consequences of this reduction are;dfetls a volume expansion of the
lattice which can result in mechanical failure loé telectrolyte; and (ii) electronic (n-
type) conductivity takes place and reduces cellGVQlue to the electronic current
leakage between the anode and cathode. Although kwotic and electronic
conductivities increase with temperatures, theeaase of electronic conductivity is
faster. This is why ceria based fuel cells showdperated at 500-60C instead of
higher temperatures. As an alternative, the usea diilayer electrolyte has been
investigated to overcome this electronic curreratkége issue. Scandia-stabilised
zirconia (ScSzZ) [43] and ((BD3)1x(Er03)x)Ag (ESB) [44] have been used as a
second electrolyte layer on top of the CGO layenthBgave a significant
improvement in the OCV of the cells as compared ®gingle-layer CGO electrolyte

cell.

The optimal Gd doping concentration to attain maximionic conductivity varies
slightly in the literature, i.e. between 10 mol%e{@5dh 10195 and 20 mol%
(CeysGth201.9) [35,45-48]. However, GeGdy 10; .95 has been shown to have better

stability than CgsGdy 20, ¢ at low oxygen partial pressures [35].
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2.3.2 Anode, cathode and interconnect materials fdf-SOFC

Similar to HT-SOFC, Ni is the most proficient anadaterial in IT-SOFC. In order to
provide the anode’s TEC close to that of CGO ebdytie, a Ni-CGO cermet is
commonly used. Furthermore, it has been recogrtlzaidthe replacement of YSZ in
the anode by CGO offers further advantages. Inaieduenvironments such as in the
anode, CGO conducts oxygen ions as well as elex{i@ it is a mixed ionic electron
conductor, MIEC) whereas in the Ni-YSZ cermet, Mnducts electrons and YSZ
conducts oxygen ions. Thus, the mixed-conductieftC GO can increase the number
of reaction sites by facilitating electron and oeggion transport in the anode as

illustrated in Figure 2.6.

YSZ electrolyte CGO electrolyte

(a) (b)
Figure 2.6 Triple-phase boundary (TPB) with (a) a Ni-YSZ;) (o Ni-CGO

(reproduced from [49]).

Due to the high electrical conductivity and the lo@st, anode is the most prominent
supporting layer of planar fuel cells. Furthermanecomparison with the electrolyte-
supported configuration, the design of anode-suppdo8OFC is more suitable to be
operated at lower temperatures [9,50] because en@iimic loss and better interface
contact can be realised, especially when compettdrodes are used to increase the

density of TPB [51,52].
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However, the use of Ni in the anode at intermedia@teperature operation of SOFC
can still be problematic due to the reoxidationNofto NiO when fuel conversion
rates approach 85 % at operation below #0(J35,53]. The Ni reoxidation of this
type is detrimental to the catalytic activity anl@atric conductivity of anode. The
expanded volume of NiO may even cause crack foomain the supported
electrolyte. Furthermore, the carbon depositiomnsther major issue in Ni-based
anodes when hydrocarbons are used as fuels [54-FB6]Ni surfaces, pores and voids
may be fouled by carbon due to the cracking/coratéms reactions of hydrocarbons
fuels. It has been found out that the quantity efpakited carbon during hydrocarbon
reforming is strongly affected by the operating pematures and the
hydrocarbon/steam ratio. Operating at high tempesator at steam to hydrocarbon
ratios below a critical value can cause the foramabtf carbon deposits that plug the

electrode pores and voids, and can also pulvenzamnode surface [54].

Therefore, the search for alternative anode mdgdnas drawn lots of attention. Many
research groups have been developing non-metaltides and the most attractive one
is doped LaCr@ with the perovskite structure. LaGy@hat generally used as an
interconnect material is stable in reducing cooditiPure LaCr@is normally doped
with divalent dopings on the La and/or the Cr sitesrder to enhance its electronic
conductivity. The La site can generally be dopethwirontium [57,58] and calcium
[59,60] while the Cr site is usually doped withniséion metals such as manganese,

iron, copper and nickel [58,60,61].

For the cathode of IT-SOFC, LSM is not a good chaloe to the slow oxygen ion
transport, while MIECs materials with better conlug properties turn out to be a

better alternative for the operations at intermedi@mperatures. (La,Sr)Ce®das
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been identified as possessing perhaps the besptenproperties in terms of both
ionic and electronic conductivities. However, tHeCT of this material is much higher
than the CGO electrolyte and can be hardly usedctyr as cathode material.
Substituting iron for cobalt results in compoundLaf.,S,Co,,F80s.4 (LSCF) with

fast ion transport, good electronic conduction arcellent oxygen reduction kinetics.
Similar to the use of LSM in the cathode of HT-SQRds more advantageous to
develop composite cathodes, consisting of LSCFedectrolyte material, in an effort
to produce suitably active cathode of IT-SOFC [2],8nd to reduce the thermal
expansion difference between cathode and eleotrdigyers (TEC of LSCF is

~15x10° K™ [63] and TEC of CGO is12-13x10° K™ [64].

As has been mention above, ceramic materials sitl@rQ are usually used as the
interconnect materials in HT-SOFC. These ceramiteras are expensive and the
corresponding single cells are difficult to be askked together because of the
brittleness. The reduction in the operating temjpees of SOFC makes it possible to
consider oxidation/corrosion-resistant metallicogdl as interconnect materials.
Metallic alloys have gained more and more attentionrecent years as the
replacement of the LaCgbased ceramics due to a number of intrinsic adps

such as low cost, high toughness and excellent faetuwability. So far, the metallic

material systems such as Cr-based, Fe-based ahdsHd alloys are being explored

for interconnect applications [65-67].

2.4  SOFC Geometries
SOFCs may be classified in a number of ways suatethcomponent that provides

the major mechanical strength to the cell (i.e.d®ap cathode-, electrolyte-, or
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interconnect-supported) and the geometrical shapndr or tubular). Figure 2.7
shows schematic diagrams of electrolyte-supportathode-supported and anode-

supported cells.

Electrolyte-supported Cathode-supported Anode-supported

Figure 2.7: Different geometries of SOFC.

In general, the support layer of a planar cellabricated by either die-pressing or
tape-casting, giving a thickness of ~0.1 to 2 mime dther component layers are then
applied by screen-printing, spray pyrolysis, chahi@apour deposition or other wet
deposition techniques. In the case of electrolyigpsrted cells, the relatively low
ilonic conductivity of the electrolyte layer leads @& high ohmic resistance in the
SOFC. Therefore, most research studies are cwrérdlised on anode or cathode-
supported cells with a thin electrolyte layer afdehan 40 um. Previous studies have
proved that anode-supported planar SOFCs showandisiy power density of 0.8-
3.3 Wcni? at temperatures of 708 or under [68-70]. While planar SOFCs are
beneficial due to their relatively high power déynsand low cost of fabrication, the
main limitations are that they require sophistidatgas seals and interconnect
materials for the high operating temperatures ef #OFC. Also, thermal gradients
may be present in the cell, causing mechanicalssti@uring thermal cycling.
Consequently, these cells must be heated and catladvery slow rate to prevent

failure of the cell. This leads to undesirably I@tgrt-up times, of the order of hours.
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In comparison to planar cells, tubular SOFCs shdvaatages such as ease of sealing
because the sealing part is normally positionedideatthe hot zone. Therefore, low
temperature sealing materials may be utilised. Taelbgeometries of tubular SOFCs
are the cathode-supported and anode-supportedatutells. The cathode-supported
tubular cell developed by Siemens-Westinghouse (BVigrmed by extrusion of the
cathode support (~1.4 mm thick) [71]. Figure 2.8w&% a schematic of the cathode-

supported tubular cell.

Interconnect

Electrolyte

Cathode

Air Flow

Figure 2.8 Schematic diagram of the Siemens-Westinghouskodatsupported

tubular SOFC [71].

The dense electrolyte (about 4t in thickness) of the SW cell is electrochemically
vapour deposited, followed by the application of tHi-YSZ anode by slurry dip-
coating and sintering at 1350 °C. The final tubes-2.2 cm in outer diameter and
150 cm in length with air flowing inside the tubedathe fuel gas on the outer surface.
The fabrication process of this type is costly dinte-consuming with the resultant
cell giving lower power densities than the correspog planar geometry. A single

cell of this design could only generate up to 21JIMZ) at atmospheric pressure and
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1000°C [72], and the maximum power density of tngle cell is calculated to be
0.20 Wen?? (i.e. 210 W/(150 cm x 2.2 cm x 3.14)) [73]. Ottstudies using the
similar tubular design of different dimensions skodwthat the maximum power
densities achieved were 0.15-0.31 Wrcat temperatures of 80C or under [74,75].

Furthermore, this cell design still requires a hgatime of 4-6 hours [76].

For tubular cells, power density depends upon tiverse of cell diameter, which
indicates that smaller cell diameter is always gmefd for better cell performance
[72]. Efforts to improve the performance of tubulB®FCs by downsizing the cell
have led to the fabrication of micro-tubular SOR@Giated by K. Kendall in the early
1990s [77]. Apart from high power density (resudtifrom the increase in the
electrode surface area per unit volume), the nmigbodar design exhibits high
thermal shock resistance and thus, possessesssartip/shut-down times of a few

seconds for a single cell [76].

2.5 Progress in the Micro-Tubular SOFC Research

The micro-tubular SOFC developed in early 1990KbiKendall was based on ram-
extruded YSZ electrolyte tubes up to 5 mm in di@netith the wall thicknesses of
100-200 um, which the anode and cathode layers thereadded to this supporting
tube [77]. A few years later, Kilbride [78] repadt@nother similar cell design using
silver as the cathode current collectors. The wamkcurrent collectors in micro-
tubular cells was further carried out by Hatchvelll. [79]. In 2000, Sammest al.
[80] reported the electrical characteristics ofiarpytubular SOFC system running on
internally reformed butane fuel. However, this @lelyte-supported design was
“abandoned” probably due to the high ohmic losdak@thick electrolyte layer. Wel

and Li [81] in the late 2000s developed an improggsttrolyte-supported design by
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using asymmetric YSZ hollow fibres fabricated bgrg-jet wet extrusion (involving
phase inversion process) technique. An asymmet8& lectrolyte hollow fibre,
which consists of a finger-like void structure grog/from the inner surface and an
outer thin gas-tight layer, is potentially an ideélucture to support the electrode
layers in a micro-tubular SOFC because of its loglectrolyte resistance. Moreover,
the finger-like void structure allows easier impragjon of anode materials with
higher electrode surface area (using electrolessngl technique). However, a small
entrance size of the finger-like voids on the insarface of the hollow fibre has
hindered the deposition of a high quality Ni andager onto inner surface of the
hollow fibres and was consequently one of the nraasons for the poor cell
performance. More studies of using the dry-jet esrusion technique to fabricate
ceramic hollow fibres have been reported receailyning at improving the quality of

the anode layer inside the YSZ electrolyte holldwef [82,83].

Other designs of micro-tubular SOFC have also leseloped with anode-supported
cells and this design has emerged as strong caimseto the electrolyte-supported
model [76]. Most of the recent micro-tubular SOSeaarch have focused on anode-
supported cells [84-92], probably due to the loweaterial cost (Ni or NiO is
relatively cheaper than other fuel cell componerasd easier of fabrication
Furthermore, the use of anode support tube allowa thinner electrolyte (as thin as
5 um) and therefore lower ohmic resistance. Amphssticated techniques of
depositing the electrode inside the micro-tubesatse not necessary for this design.
Suzuki and co-workers [84,85] from National Indtof Advanced Industrial Science
and Technology (AIST), Japan were among first sdvgroups developing anode-
supported SOFC based on CGO using traditional iplasass ram extrusion and

coating technique. The same group [86,87] empl@mae former for a more porous
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anode tube prepared using the same fabricatiomitpofr Dikwalet al [88] then
investigated the redox tolerance (where the fuml/fis interrupted and restarted at a
constant temperature) of Ni-YSZ anode-supportedartells in partial oxidation and
reduction conditions. Leet al [89] employed methane as the fuel in their study,
while Akhtar et al [90] studied four anode-supported cells with @as cathode
location/size, i.e. inlet, centre, outlet and falke. Yanget al [91] reported the
fabrication of a hollow-fiber SOFC of 1.7 mm in diater, using the dry-jet wet
extrusion and vacuum assisted coating techniqug®niploying the similar support
fabrication techniques, Yare al [92] significantly improved the cell’s power outp

by impregnating the electrode catalyst into theoperelectrode matrix.

Cathode-supported micro-tubular SOFC is also amatteactive design due to the
good stability under a redox environment. This s alvantage over the anode-
supported counterpart in which there is a volumetre@tion and expansion during
redox cycles. However, not much attention has hg#d to the cathode-supported
SOFCs [93-95] although SW successfully achievedlartcathode-supported SOFCs
[71]. Two of the most challenging issues affectagyl performance of the cathode-
supported SOFCs are: 1) the chemical reaction legtveathode and electrolyte at
high sintering temperatures and 2) the high pa#nsa resistance of the cathode tube

[96,97].

Table 2.1 summarises the recent development oresmgro-tubular SOFC. Only

the support fabrication technique and main materfiat the major cell components
are listed in this table. The further information bow the complete cells were
produced as well as detail of binders and pore-fssnused can be found in the

referenced papers.
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Table 2.1 Recent developments of single micro-tubular SOFCs

Ref. | Year | Support Support Anode | Electrolyte | Cathode Cell Fuel stream | Temp.| OCV | Max. power
design fabrication diameter (°C) V) density
technique (mm) (Wcm?)
[84] 2006 Anode- Plastic mass ram | Ni-CGO CGO LSCF-CGO 1.60 Humidified| 570 0.84 0.35
supported extrusion H>-N,
[85] 2006 Anode- Plastic mass ram | Ni-CGO CGO LSCF-CGO 0.80 Humidified| 550 0.85 0.35
supported extrusion H»-N,
[98] 2007 Anode- Plastic mass ram | Ni-CGO CGO LSCF-CGO 1.48 Humidified| 550 0.78 0.40
supported extrusion H»-N,
[99] 2007 Anode- Plastic mass ram | Ni-ScSZ ScSz LSCF- 1.80 Humidified 650 1.06 1.06
supported extrusion CGO-Ag H,-Argon
[93] 2007 Cathode- Plastic mass ram | Ni-CGO CGO LSCF-CGO 2.26 Humidified| 600 0.70 0.16
supported extrusion H,-Argon
[81] 2008 | Electrolyte-{ Dry-jet wet extrusion Ni YSZ LSCF-YSZ 1.58 Purg H 800 1.20 0.018
supported
[94] 2008 Cathode- Plastic mass ram | Ni-CGO ScSz LSM 1.60 Humidified 800 >1.0 0.31
supported extrusion H,
[89] 2008 Anode- | Supplied by Adaptivg Ni-YSZ YSZ LSM-YSZ 2.55 CHtair (single| 750 NA 0.60
supported | Materials Inc., USA chamber) (at 0.5V)
[95] 2008 Cathode- Plastic mass ram | Ni-CGO ScSz LSM-CGO 1.63 Humidified | 750 1.06 0.45
supported extrusion H,
[100] 2008 Anode- Plastic mass ram | Ni-CGO CGO LSCF-CGO 0.40 Humidified| 550 0.76 0.30
supported extrusion H,
[86,87]| 2009 Anode- Plastic mass ram | Ni-CGO CGO LSCF-CGO 0.8 Humidified| 600 0.80 1.29
supported extrusion H>-N,
[101] 2009 Anode- | Supplied by Adaptivg Ni-YSZ YSZ LSM 2.00 CH (single 750 1.05 0.12
supported | Materials Inc., USA chamber)
[102] 2009 Anode- Plastic mass ram | Ni-CGO CGO LSCF-CGO 1.80 Humidified| 450 0.90 0.30
supported extrusion H,
[82] 2009 | Electrolyte-{ Dry-jet wet extrusion Ni YSZ LSCF >1.60 JHArgon 800 NA 0.005
supported
[103] 2009 Anode- Cold isostatic Ni-YSZ YSZ LSM-YSZ 2.9 Humidified 850 1.05 0.65
supported pressing H,

Z lawdeyd

NeRd\2INTela)I



14%

[104] 2009 Anode- | Dry-jet wet extrusion| Ni-YSZ YSZ LSM-YSZ 6.04 Pure 800 1.03 0.85
supported

[91] 2009 Anode- | Dry-jet wet extrusion| Ni-YSZ YSZ LSM-YSZ 1.70 Hunifibd 800 1.01 0.38
supported H,

[13,105] | 2010 Anode- Plastic mass ram | Ni-CGO CGO LSCF-CGQ 1.60 Humidified| 550 0.83 1.31

supported extrusion H,

[90] 2010 Anode- | Supplied by Adaptivg Ni-YSZ YSZ LSM 2.00 CH(single 750 0.92 0.036
supported | Materials Inc., USA chamber)

[92] 2010 Anode- | Dry-jet wet extrusion| Ni-YSZ- YSzZ LSM-YSZ- 1.50 Humidified 800 1.03 0.78
supported SDC SDC H,

[106] 2010 Anode- | Dry-jet wet extrusion| Ni-YSZ YSZ LSCM- 1.38 Humidified 850 1.03 0.51
supported SDC-YSZ H,

[107] 2010 Anode- Plastic mass ram | Ni-YSZ YSz LSCF-CGO 1.70 Humidified 600 1.00 0.39
supported extrusion H,

[83] 2010 | Electrolyte Dry-jet wet extrusion| Ni-YSZ YSZ LSM-YSZ| ~2.00 H,-Argon 800 0.93 0.018
supported

[108] 2010 Anode- | Dry-jet wet extrusion| Ni-YSZ YSZ LSM-SDCt 1.50 Humidified 850 1.00 0.71
supported YSZ H,

[109] 2011 Anode- | Dry-jet wet extrusion Ni- BZCYYb LSCF- 1.65 Humidified 600 1.01 0.26
supported BZCYYb BZCYYb H,

[110] 2011 Anode- | Dry-jet wet extrusion Ni- BZCYYb SSC- NA Humidified 650 >1.0 0.25
supported BZCYYb BZCYYb H,

[111] 2011 Anode- Cold isostatic Ni-CGO CGO LSCF-CGQ 3.0 Pure,H 450 0.78 0.066
supported pressing

[112] 2011 Anode- Plastic mass ram | Ni-CGO CGO LSCF-CGQ 1.8 Humidified| 550 0.76 0.63
supported extrusion CO-H,

[113] 2011 Anode- | Supplied by Adaptive Ni-YSZ YSZ LSCF-CGO 2.00 CH(single 700 1.20 0.12
supported | Materials Inc., USA chamber)

[114] 2011 Anode- NA Ni-CGO CGO LSCF-CGQO 1.8 Humidified | 550 0.93 0.34
supported H, (at 0.7 V)

*SCSZ = (ZrQ)o.84S03)0.1(CeQ)o.0 BZCYYb = BaZp :Cey 7Y 0.1YD0.1034, LSCM = (L& 75515.29)0.95Cr0.sMNg 8034, SDC =Sy ;Céy §(NO3)x, SSC =Simy 5S1p 5C00;

Z J1adeyd
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As can be seen in this table, the anode-suppodsigin with Ni cermets as the anode
materials has been widely employed in the recemtiss of micro-tubular SOFCs. It
should be noted here that, the highest power dessif the micro-tubular SOFCs
reported in the literature up to now are 1.2@Mf at 600°C and 1.31 V¢m at 550
°C, which were achieved by Suzukt al [86,87] and Sammest al [13,105]

respectively.

In terms of fabricating micro-tubular supports,rthare two common techniques: (1)
plastic mass ram extrusion and (2) dry-jet wet wesitm. For the ram extrusion

technique, the support materials are mixed witld&irand solvent to form a viscous
paste. The paste is then extruded through a custade die using a ram extruder to
obtain the support tubes. The support tubes aexldind cut to the desired length
prior being subjected to the sintering process. fabecated support tubes are usually
of a symmetrical structure with large wall thickses, which results in a large
resistance for the diffusion of fuel into the andde the case of anode-supported
design). In contrast, the dry-jet wet extrusiorhteque offers greater control over the
morphology of hollow fibre (common terminology ftre tubes prepared using this
technique). The dry-jet wet extrusion is similarttee ram extrusion process. The
main difference is that the spinning suspensiodope for the dry-jet wet extrusion is
in liquid form and the ram extrusion is in pasteptastic mass form. Another major
difference is the solidification process of thedufor hollow fibre). In dry-jet wet

extrusion, the solidification of the hollow fibrecaurs via phase inversion process
initiated by the solvent/non-solvent exchange. Whil ram extrusion process, the
tube is dried straight away after the extrusiowmptd being subjected to the sintering
process. The detailed explanation about the drysgtextrusion technique combined

with the sintering process is further describethmfollowing section.
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2.6 Combined Dry-Jet Wet Extrusion/Sintering Technque for the
Preparation of Ceramic Hollow Fibre

Early development of ceramic hollow fibre using gy wet extrusion/sintering
techniqgue was applied in gas separation and ultration by Okuboet al [115].
This technique was further established by €aal [116] and Liuet al. [117]. Since
then, the dry-jet wet extrusion/sintering technidwes been widely used to prepare
ceramic hollow fibres for different applicationshére are basically three main steps
in preparing ceramic hollow fibres using dry-jettwextrusion/sintering technique:
preparation of a spinning suspension, extrusiogesamic hollow fibre precursors,
and finally sintering [118]. Each step plays a #jpecand crucial part in the

production of desired ceramic hollow fibres, atelisin Table 2.2.
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Table 2.2 Step of dry-jet wet extrusion/sintering, theictiars and influences to

resultant hollow fibre properties.

Steps Factors Influences
Preparation of Concentration of compounds Homogeneous
spinning Particle size/distribution Viscosity
suspension Particle/binder ratio Particle packing density

Solvent types
Dispersant

Rheology
Particle dispersion

Additives
Mixing speed (shear stress)
Mixing temperature

Extrusion of
ceramic hollow
fibre precursors

Suspension viscosity/homogeneous Uniformity (bore shape)
Particle size/distribution Particle packing density
Extrusion speed Surface morphology

Air gap (smooth/rough)
Environment conditions Precursor morphology
(humidity/temperature) (dense/porous)

Precursor structure
(symmetric/asymmetric)
Precursor thickness
Precursor dimension
Precursor length

Spinneret dimension/ configuration
Internal/external coagulant (solvent
%, flow rate, temp.)

Suspension temperature

Membrane dimension
Membrane morphology

Sintering process  Particle characteristics (thermal

expansion)

Particle size/distribution (dense/porous)
Sintering profile Cracking/defect
Sintering placement Grain size
(vertical/horizontal) Porosity
Environmental gas Pore size

Mechanical strength

2.6.1 Preparation of a spinning suspension

The spinning suspension is a viscous mixture coeghas$ ceramic particles, solvent,
binder and additives, in each of which has diffeiafluence on the suspension. The
particle size, distribution and shape are imporfaaotors to consider when selecting
the ceramic powders as they could affect the désperof ceramic particles in the
suspension and properties of the produced fibre.tl® binders, most of them are
long-chain polymers that dissolve in the solventsHould be noted that the binder

must be fully burned away without leaving ash ordiaring the sintering process. The
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interaction between the binder and the solvenery ¥mportant as it determines the
rheology of the suspension and affects the sad@titon process of a hollow fibre.

Solvents used in the dry-jet wet extrusion techaiqust exhibit a high exchange rate
with non-solvents (the term that is used to retercvagulant). The exchange rate
between solvent and non-solvent has an effect ossesectional structure of the
hollow fibre. Other additives such as dispersamtdubricants are often added to
improve the particle dispersion in the suspensitme dispersion depends on the
ability of the dispersant to break the surfaceradBon between particles to allow
them to remain separate. The amount of additive seeuld be as small as possible

to increase the volume fraction of ceramic parsictespinning dope.

The typical process to prepare a homogeneous sgjrsuspension involves several
steps as given here: (1) mixing a dispersant wiblacted solvent in a container; (2)
adding ceramic particles which must be well dispersy a sieve; (3) adding milling
balls to homogenize the particle suspension; (djradpolymer binders and additive
and (5) degassing the suspension dope before ttrasix process. A typical
spinning suspension may contain approximately 50vi?® of ceramic material, 20-
40 wt% of solvent, 5-7 wt% of binder and very snaattount of dispersant (~0.1-1.5
wt.%). Ceramic material by far is the main con&tuof the suspension and it is
important that the spinning suspension is mixedigahtly so that ceramic particles
are completely surrounded by the binder. The swuspenshould also have a
considerable viscosity for ease of fibre formingthee same time playing an important

role in varying the hollow fibre structure [119].
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2.6.2 Extrusion of ceramic hollow fibre precursor

The second step in the dry-jet wet extrusion/sinteimethod is the extrusion of
hollow fibre precursors. The hollow fibre precursothe terminology used to refer to
the extruded hollow fibre before sintering, whicbnsists of ceramic material,
polymer binder and dispersant. Prior to the extnugirocess, it is essential to degas
the prepared spinning suspension to prevent thepocation of gas bubbles into the
hollow fibre structure that reduces its integritpmdauniformity. The spinning
suspension is then extruded through the openirggtobe-in-orifice spinneret to form
a fibre precursor. At the same time, the non-sdlveternal coagulant is pumped
through the centre of the spinneret, causing teeyssor to be in the form of a hollow
and longitudinal fibre. The fibre will then travehto the non-solvent external

coagulation bath where it forms a coil.

The formation of the hollow fibre precursor resuitsm the exchange between the
solvent and the non-solvent (coagulant) which irduthe precipitation of polymer in
the suspension and hence consolidates the ceraatiriat [120]. This process is
known as phase inversion [121] and the basic cdrafapis process can be explained
by using the ternary phase diagram of polymeridesys which involves polymer,
solvent and non-solvent, as shown in Figure 2.@. dititire phase inversion process of
a polymeric solution is represented by the patmf@ to D. The original polymeric
solution is at point A where no precipitation ag@non-solvent) is present in the
solution. After immersion of the polymeric soluti@mo a non-solvent coagulation
bath, the solvent diffuses out of the polymer sohytwhile non-solvent diffuses into
the solution. In the case that the solvent flukigher than the non-solvent flux, the
polymer concentration at the interface would insegand at some point, the polymer

starts to precipitate (is represented by poinflBe continuous replacement of solvent
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by non-solvent would result in solidification ofettpolymer-rich phase (point C).
Further solvent/non-solvent exchange would causenlsige of the polymer-rich
phase and finally reach point D, where two phassdid and liquid) are in
equilibrium. A solid (polymer-rich) phase which fes the membrane structure
represented by point S and a liquid (polymer-pganase which constitutes the

membrane pores filled with non-solvent represebtedoint L.

Polymer

Tie-line through _ _
solidification point Binodal line

Precipitation
point

\ Final membrane

composition

Original polymeric

solution\
A

<« Solidification

point

L
Solvent Non-solvent

Figure 2.9 Schematic ternary phase diagram of polymer/selmen-solvent during

polymeric membrane formation [122].

It should be noted that the types of solvent, p@yrinder or non-solvent could
affect the precipitation mechanism in the phasernsion process. As an example, the
N-Methyl-2-pyrrolidone (NMP) and dimethyl sulfoxidddMSQO) systems possess
dissimilar precipitation line (Figure 2.10), whetke precipitation point for the
polyethersulfone (PESf)/DMSO/water system is muldsear to the original casting
solution (0 % water) line than that of the PESf/NM&er system. Since the rates of
solvent/non-solvent exchange for both systems areery much different, therefore,

the time to reach the precipitation point for PESASO/water system is much shorter
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than that for the PESf/NMP/water system. As thengstoucture of the membrane is
largely determined at the precipitation point, PBMSO/water and

PESf/NMP/water systems would yield different matnastures.

(@) PESf (b) PESf

DMSO Watel NMP Watel

Figure 2.1Q Phase diagrams for (a) PESf/DMSO/Water and (bpfRBVIP/Water
systems. Thick line, binodal line; thin line, spdab line; dashed lines, tie-lines; dot,

solidification point (Reproduced from [123] and {12

Great effort has been made to both control and staled the formation mechanisms
for the wide range of structures observed in polysnmmembrane formation [125-
126]. However, due to the large differences betws@gmeric and ceramic systems,
in particular the low polymer concentration, thidormation is of limited use during
ceramic membrane preparation. In fact, only two pholtogies have so far been
observed in ceramic systems, i.e. (1) finger-lib&ds and (2) a sponge-like structure,

which the example of these two structures is gindfigure 2.11.
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i T

Figure 2.11 Example of the macrostructure of ceramic holldwe precursor [127].

Hydrodynamically unstable viscous fingering is allwehown phenomenon that
occurs at the interface between fluids with différéiscosities in the first moments of
mixing and has been applied here to explain thenétion of finger-like voids in
ceramic membrane precursors [119]. When the sugpems in contact with non-
solvent, a steep concentration gradient resultsoivent/non-solvent exchange, a
rapid increase in local viscosity and finally ppatation of the polymer phase.
However, due to instabilities at the interface lestw the suspension and the
precipitant there is a tendency for viscous finggrio occur, initiating the formation
of finger-like voids. Under normal circumstancesstble interface would be
established between the two phases of differingogisies, however, due to the
presence of invertible polymer binder a rapid visgoincrease followed by polymer
precipitation retains the viscous fingering strueturhe relative thickness of finger-
like and sponge-like regions greatly affects thepprties of the membrane or

membrane support such as mechanical strength anteaton flux and, due to the

49



Chapter 2 Literature Review

versatility of ceramic hollow fibres, it is esseattithat fibore morphology can be

controlled so that it may be tailored to specifipkcations [118, 119].

The first attempt to fabricate Ni-based anode hwolfidbre support for micro-tubular
SOFC via dry-jet wet extrusion was done by Yat@l [128]. The morphology of
the obtained anode hollow fibre was asymmetric twignsisted of finger-like voids
originating from the inner lumen of the hollow fédoand a sponge-like region on the
outer side of the hollow fibre. Another design oébnphology for anode support so-
called sandwich-like structure which is represertigda structure of the finger-like
voids originating from both inner and outer sidesl aponge-like structure exists in
the middle of the hollow fibre, was proposed by Doiotiset al [129]. Both finger-
like voids and sponge-like regions are importanthte anode support. Finger-like
voids may provide a route with less resistancetrfmnsportation of the fuel gas and
the products, while the sponge-like structure pesia large number of TPB for the
electrochemical reactions [130] and also gives raeidal strength to the hollow
fibres. However, it is believed that only fingekdi voids from inner surface are
useful, while the presence of the voids from owtele would only reduce the
conductivity and mechanical strength of the hollitve and affect the gas-tightness
of the electrolyte outer layer. Therefore, the aswatric structure hollow fibre is

preferable as the support for micro-tubular SOFC.

2.6.3 Sintering process

The hollow fibre precursors which normally comprissramic particles, binder and
dispersant are heat treated in a furnace to deviblepdesired microstructure and
properties. ldeally, this treatment or commonly \knoas sintering is the process by

which a powder compact is transformed into a stramg)dense ceramic body without
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melting them. As the sintering process is requifed the ceramic hollow fibre
precursor prepared from dry-jet wet extrusion anerdfore, this method is often

called the “combined dry-jet wet extrusion andesiimg technique”.

The sintering of the hollow fibre precursors candbaded into three major stages,
pre-sintering, thermolysis and final sintering. Bnatering is a means of removing
residual liquid that may remain after formatiortloé fibre precursor and any moisture
adsorbed from the atmosphere during transportinigsatting. The adsorbed moisture
may persist in the precursor up to 200 oC [118]islimportant to increase the
temperature slowly as expanding vapour within thigide may cause cracks and
fractures. Thermolysis is a process which burnstlo@itorganic components such as
binder and dispersant and occurs as the tempeiaturereased to approximately 800
°C. It is an important step as incomplete binderaemhand uncontrolled thermolysis
may introduce defects in the hollow fibre whichrtheay impair the performance of

the hollow fibre.

Final sintering is defined as a transforming preoafsceramic particles into a strong
and dense ceramic body and it does not start tsifgaumtil the temperature reaches
approximately 60-80 % of the melting point of thieré material. For CGO with the

melting point of approximate 2300 °C [130], thetsiing temperature is roughly

between 1400 to 1700 °C. The final sintering preagsually involves three stages;
initial stage, intermediate stage and final stag@ch are shown in the Figure 2.12.
The initial stage consists of the rearrangementedmic particle and neck growth at
contacting points between particles. The initiagst lasts until the radius of the
grown neck reach 40 to 50 % of the particle radiushe intermediate stage, the grain

boundaries start to develop. Ceramic particledbatmded together and pore channels
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are formed along the grain edges. This stage normabers the major part of the
sintering process and leads to a major shrinkagthefceramic membrane. When
pores continue shrinking and some of them pinclanff become isolated at the grain
corners, it is considered that the final stagedtaged. The growth of grains mainly
occurs in this stage and the pores are graduattjiredted until the membrane turns
into a fully dense structure. However, in mostlté tases, the macrostructure of the
fibre precursor formed during the phase inversiatgss is retained during sintering.
Finger-like voids above a certain size cannot bmieated, although at elevated
sintering temperature sponge-like regions will begified and eventually become gas

tight for some ceramic materials [118,119].

(a) Loose particles (b) Initial stage

N L]

S

(c) Intermediate stage (d) Final stage

Figure 2.12 Development of ceramic microstructure duringesiimg process.

52



Chapter 2 Literature Review

2.7 Dual-Layer Hollow Fibre via Novel Co-extrusionCo-sintering Technique

A more advanced dry-jet wet extrusion, i.e. phaseension-based co-extrusion
technique, has been developed to fabricate cerdnaikclayer hollow fibre. In this co-
extrusion technique, one of the layers has to lok ih order to provide mechanical
strength to the fibre. The use of co-extrusion masy advantages over conventional
dry-jet wet extrusion methods such as simplifidatifaation process and better control
over the membrane structure. Furthermore, the ofsklefects formation could be
reduced and at the same time realising great authésitween the layers. A fibre is
basically prepared in the same way of the singjeflaounterpart, except that the
outer layer suspension is extruded through thercam@ulus of the triple-orifice
spinneret to form a dual-layer hollow fibre. Thenpipals regarding the formation of
finger-like and sponge-like structures as a resiultiscous fingering during the phase

inversion process are also very similar to thelsitayer hollow fibres.

Studies on the fabrication and use of polymericl-thyger hollow fibore membranes
via phase inversion-based co-extrusion began inldtee 1970s for haemodialysis
[132]. Later, in the late 1980s, Yanagimoto invendeial-layer asymmetric flat sheet
and hollow fibre membranes to improve the antifogliproperties of polymeric
membranes used for water purification [133,134]e Hatent disclosures about the
procedures of fabricating polymeric multi-layer ool fibres for gas separation were
made by Du Pont de Nemours [135]. Although thererehdoeen extensive
investigations on the polymeric dual-layer hollowwrés in the recent 10 years [136-
140], very limited research have been involved he fabrication using ceramic
materials [141-143] due to a number of challengethé fabrication processes, such

as adhesion problem and different sintering behahetween the layers.
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Realising the huge potential that is offered byabeextrusion technique, a dual-layer
hollow fibre support for intermediate temperaturecnortubular SOFCs has been
developed in this study. Two spinning suspensiogassaparately prepared and then
simultaneously co-extruded through a custom-madgetorifice spinneret. The
hollow fibre precursor is then subjected to a euesing process, followed by a
simple reduction process. As a result, a dual-lagdlow fibre consisting of a CGO
electrolyte outer layer (thickness in a range o800m) supported by a 200-22fin
thick Ni-CGO anode inner layer has be successadhieved, as shown schematically

in Figure 2.13.

Anode inner Electrolyte
layer support outer layer
|
v

Figure 2.13 Schematic drawing of electrolyte/anode dual-layatow fibre.

2.8 Conclusions

For decades, many studies on SOFCs have been fbonseompact design and cell
performance enhancement. Micro-tubular SOFCs haeently attracted much
attention for their greater tolerance to thermatliog, quicker start-up capability,
higher volumetric output density and portable chtastics when compared with the
conventional planar and tubular SOFCs. Recently dity-jet wet extrusion technique
has been used to fabricate ceramic hollow fibrgpettp of the micro-tubular SOFC.

Compared with the conventional plastic mass ranmusiin technique, this dry-jet

54



Chapter 2 Literature Review

wet extrusion shows better control over the intemacrostructure of the hollow

fibre. The versatility of dry-jet wet extrusion iurther demonstrated by the

preparation of dual-layer hollow fibre supports @ single step by using co-

extrusion/co-sintering. The use of this techniqugnificantly simplified the

fabrication process when compared with the singigei extrusion methods, while

still allowing full control over the hollow fibretsictures.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

W. Winkler, Thermodynamics, inligh-Temperature Solid Oxide Fuel Cells:
Fundamentals, Design and Applicatiofisds: S.C. Singhal and K. Kendall),
Elsevier, Oxford, UK, 2003 53-82.

N.Q. Minh and T. Takahashscience and Technology of Ceramic Fuel Cells
Elsevier, Oxford, UK, 1995.

U. Doraswami,Modelling of Micro-Tubular Hollow Fibre Solid Oxideuel
Cells Imperial College London: PhD Thesis. 2010.

V.S. Stucbican, R.C. Hink, and S.P. Ray, Phempelibria and ordering in the
system Zr@-Y 03, Journal of the American Ceramic Sociéty (1-2) (1978)
17-21.

C. Pascual and P. Duran, Subsolidus phaseliegmiand ordering in the
system Zr@-Y,0s, Journal of the American Ceramic Soci€§ (1) (1983)
23-27.

J.F. Baumard and P. Abelard, Science and tolgy of zirconiaAdvances in
Ceramicsl2 (1984) 555-571.

E.C. Subbaradsolid Electrolytes and Their ApplicatignBlenum Press, New
York, USA, 1980.

I.LR. Gibson, G.P. Dransfield, and J.T.S. IejinInfluence of yttria
concentration upon electrical properties and sugubfy to ageing of yttria-
stabilised zirconiasjJournal of the European Ceramic Socid#y (6) (1998)
661-667.

F. Zhao and A.V. Virkar, Dependence of polatian in anode-supported solid
oxide fuel cells on various cell parametelsyrnal of Power Sourcek41 (1)
(2005) 79-95.

S.D. Kim, H. Moon, S.H. Hyun, J. Moon, J. Kim andWH Lee, Ni-YSZ
cermet anode fabricated from NiO-YSZ composite pawdor high-

55



Chapter 2 Literature Review

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

performance and durability of solid oxide fuel selSolid State lonics
178 (21-22) (2007) 1304-1309.

W.Z. Zhu and S.C. Deevi, A review on the stabf anode materials for solid
oxide fuel cellsMaterials Science and Engineering382 (1-2) (2003) 228-
2309.

T. Kawada, N. Sakai, H. Yokokawa, M. Dokiyisl. Mori, and T. lwata,
Characteristics of slurry-coated nickel zirconianocet anodes for solid oxide
fuel cells,Journal of The Electrochemical Socidt§7 (10) (1990) 3042-3047.

F. Calise, G. Restucccia, and N. Sammes, iixeatal analysis of micro-
tubular solid oxide fuel cell fed by hydrogelgurnal of Power Sourcek95
(4) (2010) 1163-1170.

D.W. Dees, T.D. Claar, T.E. Easler, D.C. Fard F.C. Mrazek, Conductivity
of porous Ni/ZrQ-Y ,0O3 cermets,Journal of The Electrochemical Socieit$4
(9) (1987) 2141-2146.

S.P. Jiang, The role of water vapour on theelcs of H oxidation on porous
Ni electrodes at 100Q, in Science and Technology of Zirconia (#ds:

S.P.S.Badwal; M.J.Bannister; R.H.J.Hannink), Techico Publishing,

Pennsylvania, USA, 1993 819-828.

D.W. Dees, U. Balachandran, S.E. Dorris, Bldiberger, C.C. McPheeters,
and J.J. Picciolo, Interfacial effects in monolithisolid oxide fuel cellsirst
International Symposium on Solid Oxide Fuel Gdllectrochemical Society,
New Jersey, USA, 89-11 1989 317-321.

M. Nagata and H. Iwahara, The measurementaiér vapour pressure in an
SOFC anode during dischargiurnal of Applied Electrochemistr®3 (4)
(1993) 275-278.

T.H. Etsell and S.N. Flengas, Overpotentiahdwvior of stabilized zirconia
solid electrolyte fuel cellsjJournal of The Electrochemical Society8 (12)
(1971) 1890-1900.

E.J.L. Schouler and M. Kleitz, Electrocatasyand inductive effects at the gas,
Pt/stabilized zirconia interfacdpurnal of the Electrochemical Societ$4 (5)
(1987) 1045-1050.

J.H. Kuo, H.U. Anderson, and D.M. Sparlin,i@ation-reduction behavior of
undoped and Sr-doped LaMnO3 nonstoichiometry antkctestructure,
Journal of Solid State Chemist®g (1) (1989) 52-60.

Y. Takeda, S. Nakai, T. Kojima, R. Kanno, hnanishi, G.Q. Shen, O.
Yamamoto, M. Mori, C. Asakawa, and T. Abe, Phadatitn in the system
(LaixAx)14MnOs:, (A=Sr and Ca),Materials Research Bulletir26 (2-3)

(1991) 153-162.

A. Hammouche, E. Siebert, and A. Hammou, @Hegraphic, thermal and
electrochemical properties of the system.lSx,MnO; for high temperature
solid electrolyte fuel celldVliaterials Research Bulletia4 (3) (1989) 367-380.

56



Chapter 2 Literature Review

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

R. Hildrum, S. Aasland, and O. Johanneserctit and catalytic properties
of doped LaMn@, Solid State lonic§6 (3-4) (1993) 207-218.

A. Hammouche, E.J.L. Schouler, and M. Henatllectrical and thermal
properties of Sr-doped lanthanum manganigdid State lonic£8-30 (Part
2) (1988) 1205-1207.

J.AM. van Roosmalen, J.P.P. Huijsmans, and Rlomp, Electrical
conductivity in LaxSKMnOz.q, Solid State lonic§6 (3-4) (1993) 279-284.

M. Gaudon, C. Laberty-Robert, F. Ansart, Rev@ns, and A. Rousset,

Preparation and characterization of karMnOs.4 (0O x 0.6) powder by sol-
gel processingsolid State Sciencds(1) (2002) 125-133.

R.J. Wiglusz, A. Gaki, G. Kakali, A. Chuchraaland W. Strek, Conductivity

and electric properties of L&SrMnOs.4 hanopowdersJournal of Rare
Earths27 (4) (2009) 651-654.

J. Mizusaki, H. Tagawa, K. Naraya, and T.&asto, Nonstoichiometry and
thermochemical stability of the perovskite-type; k& MnOs.q, Solid State
lonics49 (1991) 111-118.

I. Yasuda and M. Hishinuma, Electrical contiity and chemical diffusion
coefficient of strontium-doped lanthanum manganifesirnal of Solid State
Chemistryl123 (2) (1996) 382-390.

J.W. Fergus, Lanthanum chromite-based madsef@ solid oxide fuel cell
interconnectsSolid State lonicg71 (1-2) (2004) 1-15.

Y.J. Yang, T.L. Wen, H. Tu, D.Q. Wang, andYhng, Characteristics of
lanthanum strontium chromite prepared by glycirteate processSolid State
lonics 135 (1-4) (2000) 475-479.

M. Liu, L. zhao, D. Dong, S. Wang, J. Diwu, Kiu, and G. Meng, High
sintering ability and electrical conductivity of Zioped La(Ca)Cr®based
interconnect ceramics for SOFCHurnal of Power Sources77 (2) (2008)
451-456.

Z. Zhong, Stoichiometric lanthanum chromitased ceramic interconnects
with low sintering temperatur&olid State lonicd77 (7-8) (2006) 757-764.

J.AM. van Roosmalen and E.H.P. Cordfunke,ef@ital reactivity and
interdiffusion of (La, Sr)Mn®@ and (Zr, Y)Q, solid oxide fuel cell cathode
and electrolyte materialSolid State lonic§2 (4) (1992) 303-312.

B.C.H. Steele, Appraisal of €@d,O,.,» electrolytes for IT-SOFC operation
at 500°C Solid State lonicd29 (1-4) (2000) 95-110.

E.D. Wachsman, P. Jayaweera, N. Jiang, D.dve, and B.G. Pound, Stable
high conductivity ceria/bismuth oxide bilayered adfelytes,Journal of The
Electrochemical Society44 (1) (1997) 233-236.

K.C. Wincewicz and J.S. Cooper, Taxonomies S DFC material and
manufacturing alternativedpurnal of Power Sources10 (2) (2005) 280-296.

57



Chapter 2 Literature Review

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

S.C. Singhal, Solid oxide fuel cells for statary, mobile, and military
applicationsSolid State lonicd52-153 (2002) 405-410.

V.V. Kharton, F.M.B. Marques, and A. AtkinsoRransport properties of solid
oxide electrolyte ceramics: a brief revie8glid State lonicd74 (1-4) (2004)
135-149.

J.W. Fergus, Electrolytes for solid oxidelfgells, Journal of Power Sources
162 (1) (2006) 30-40.

D.J.L. Brett, A. Atkinson, N.P. Brandon, ar$lJ. Skinner, Intermediate
temperature solid oxide fuel cell€hemical Society Reviewdy (8) (2008)
1568-1578.

S.J. Skinner and J.A. Kilner, Oxygen ion coaibrs, Materials Today6 (3)
(2003) 30-37.

T. Yamaguchi, S. Shimizu, T. Suzuki, Y. Faj®, and M. Awano,
Evaluation of micro LSM-supported GDC/ScSZ bilagrctrolyte with LSM-
GDC activation layer for intermediate temperatu@F€s, Journal of The
Electrochemical Societis5 (4) (2008) B423-B426.

J.S. Ahn, D. Pergolesi, M.A. Camaratta, HovipB.W. Lee, K.T. Lee, D.W.
Jung, E. Traversa, and E.D. Wachsman, High-perfocmabilayered
electrolyte intermediate temperature solid oxidel fcells, Electrochemistry
Communicationd 1 (7) (2009) 1504-1507.

T. Ohashi, S. Yamazaki, T. Tokunaga, Y. Arita Matsui, T. Harami, and K.
Kobayashi, EXAFS study of GeGdO,.», Solid State lonic§13-115 (1998)
559-564.

L. Minervini, M.O. Zacate, and R.W. Grimesgefect cluster formation in
M,Os-doped Ce@ Solid State lonic416 (3-4) (1999) 339-349.

S. Dikmen, P. Shuk, M. Greenblatt, and H. ez, Hydrothermal synthesis
and properties of GgGdO,4 solid solutions,Solid State Science$ (5)
(2002) 585-590.

Z. Tianshu, P. Hing, H. Huang, and J. Kilnienic conductivity in the Ce®&
Gd,O3 system (0.05Gd/Ce 0.4) prepared by oxalate coprecipitati@ylid
State lonicsl48 (3-4) (2002) 567-573.

S.A. Baron,Anode for Solid Oxides Fuel Cells with Ceria Elebttes
Imperial College London: PhD Thesis. 2004.

T.L. Nguyen, K. Kobayashi, T. Honda, Y. linaurK. Kato, A. Neghisi, K.
Nozaki, F. Tappero, K. Sasaki, H. Shirahama, K, ®taDokiya, and T. Kato,
Preparation and evaluation of doped ceria interlaye supported stabilized
zirconia electrolyte SOFCs by wet ceramic procesSekd State lonicd74
(1-4) (2004) 163-174.

A.V. Virkar, J. Chen, C.W. Tanner, and J.WinK The role of electrode
microstructure on activation and concentration poédions in solid oxide fuel
cells,Solid State lonic431 (1-2) (2000) 189-198.

58



Chapter 2 Literature Review

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

A.C. Mdller, D. Herbstritt, and E. Ivers-Té€, Development of a multilayer
anode for solid oxide fuel cellSolid State lonic§52-153 (2002) 537-542.

B.C.H. Steele, Survey of materials selecfimmceramic fuel cells 1l. Cathodes
and anodesSolid State lonic86-88 (Part 2) (1996) 1223-1234.

J. Macek, B. Novosel, and M. Marinsek, Ni-YSDFC anodes--Minimization
of carbon depositionJournal of the European Ceramic Soci€ly (2-3)
(2007) 487-491.

C. Mallon and K. Kendall, Sensitivity of niek cermet anodes to reduction
conditions Journal of Power SourcesA5 (2) (2005) 154-160.

J.H. Koh, Y.S. Yoo, J.W. Park, and H.C. Li@arbon deposition and cell
performance of Ni-YSZ anode support SOFC with me¢htuel, Solid State
lonics149 (3-4) (2002) 157-166.

A.L. Sauvet and J. Fouletier, Electrochemipabperties of a new type of
anode material LaSKCriyRuyO;s.4 for SOFC under hydrogen and methane at
intermediate temperaturdslectrochimica Actal7 (6) (2001) 987-995.

J. Liu, B.D. Madsen, Z. Ji, and S.A. Barnditfuel-flexible ceramic-based
anode for solid oxide fuel cellglectrochemical and Solid-State Lettérg6)
(2002) A122-A124.

J. Sfeir, J. van Herle, and A.J. McEvoy, $igb of calcium substituted
lanthanum chromites used as SOFC anodes for methaaation,Journal of
the European Ceramic Societ9 (6-7) (1999) 897-902.

J. Sfeir, P.A. Buffat, P. Mockli, N. Xanthoplos, R. Vasquez, H. Joerg
Mathieu, J. Van herle, and K. Ravindranathan Tharognthanum chromite
based catalysts for oxidation of methane directlyS®@FC anodeslournal of
Catalysis202 (2) (2001) 229-244.

S. Tao and J.T.S. Irvine, A redox-stable a#int anode for solid-oxide fuel
cells,Nature Material2 (5) (2003) 320-323.

A. Esquirol, J. Kilner, and N. Brandon, Oxyge transport in

Lag 6S1h.4C 0 oFey 8034/ Cey Gy 202« composite cathode for IT-SOFCSolid
State lonicsl75 (1-4) (2004) 63-67.

L. Lu, Y. Guo, H. Zhang and J. Jin, Electrenfical performance of
LagNiOg4+ —Lag 6Shh4ACp FeygO3  composite cathodes for intermediate
temperature solid oxide fuel cellslaterials Research Bulletid5 (9) (2010)
1135-1140.

G. Corbel, S. Mestiri, and P. Lacorre, Phgsttemical compatibility of CGO
fluorite, LSM and LSCF perovskite electrode matsriaith La;M0,0g fast
oxide-ion conductorSolid State Sciencgs(10) (2005) 1216-1224.

J.H. Kim, R.H. Song, and S.H. Hyun, Effect sdirry-coated LaSrMn@on
the electrical property of Fe-Cr alloy for metaliicerconnect of SOFGolid
State lonicsl74 (1-4) (2004) 185-191.

59



Chapter 2 Literature Review

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Z. Yang, G.G. Xia, and J.W. Stevenson, Evaduaof Ni-Cr-base alloys for
SOFC interconnect applicationgdpurnal of Power Source$60 (2) (2006)
1104-1110.

J. Wu and X. Liu, Recent development of SOR@tallic interconnect,
Journal of Materials Science & Technolog§ (4) (2010) 293-305.

J. Yan, H. Matsumoto, M. Enoki, and T. IshiaaHigh-power SOFC using
Lag.oSy.1Gay Mo 203.d/Cey sSmy 20,4 composite film, Electrochemical and
Solid-State Letter8 (8) (2005) A389-A391.

T. Hibino, A. Hashimoto, K. Asano, M. Yano,.Mbuzuki, and M. Sano, An
intermediate-temperature solid oxide fuel cell pdowg higher performance
with hydrocarbons than with hydrogemglectrochemical and Solid-State
Letters5 (11) (2002) A242-A244.

Z. Shao and S.M. Haile, A high-performancéhode for the next generation
of solid-oxide fuel cellsNature431 (7005) (2004) 170-173.

K. Hassmann, SOFC power plants, the SiemesstiWghouse approachuel
Cells1 (1) (2001) 78-84.

K. Kendall, N.Q. Minh, and S.C. Singhal, Calhd stack designs, iHigh
Temperature Solid Oxide Fuel Cells: Fundamentalssibn and Applications
(Eds: S,C. Singhal and K. Kendal), Elsevier, OxfaJ&, 2003 197-228.

N.M. Sammes and Y. Du, Fabrication and charaation of tubular solid
oxide fuel cells,International Journal of Applied Ceramic Technology(2)
(2007) 89-102.

L. Zhou, M. Cheng, B. Yi, Y. Dong, Y. Congné&W. Yang, Performance of
an anode-supported tubular solid oxide fuel ceDEE) under pressurized
conditions,Electrochimica Act®3 (16) (2008) 5195-5198.

T.L. Nguyen, T. Honda, T. Kato, Y. limura, Kato, A. Negishi, K. Nozaki,
M. Shiono, A. Kobayashi, K. Hosoda, Z. Cai, andDakiya, Fabrication and
characterization of anode-supported tubular SOFG# wirconia-based
electrolyte for reduced temperature operatimyrnal of The Electrochemical
Societyl51 (8) (2004) A1230-A1235.

K.S. Howe, G.J. Thompson, and K. Kendall, Mitubular solid oxide fuel
cells and stackslournal of Power Sourcekd6 (4) (2011) 1677-1686.

K. Kendall, Novel ceramic designs for fuellsglnternational Workshop on
Fine CeramicsElsevier, Oxford, UK, 1992 143-148.

I.P. Kilbride, Preparation and propertiessafiall diameter tubular solid oxide
fuel cells for rapid start-upJournal of Power Source8l (1-2) (1996) 167-
171.

C.E. Hatchwell, N.M. Sammes, and K. Kend&lhthode current-collectors for
a novel tubular SOFC desigigurnal of Power Source&) (1) (1998) 85-90.

N.M. Sammes, R.J. Boersma, and G.A. Tompséttto-SOFC system using
butane fuelSolid State lonic435 (1-4) (2000) 487-491.

60



Chapter 2 Literature Review

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

C.C. Wei and K. Li, Yttria-stabilized zircami(YSZ)-based hollow fiber solid
oxide fuel cells|ndustrial & Engineering Chemistry Researdfi (5) (2008)
1506-1512.

F.D. Grande, A. Thursfield, K. Kanawka, N.dbdshiotis, U. Doraswami, K.
Li, G. Kelsall, and I.S. Metcalfe, Microstructuracaperformance of novel Ni
anode for hollow fibre solid oxide fuel cellSplid State lonic4d80 (11-13)
(2009) 800-804.

K. Kanawka, F.D. Grande, Z. Wu, A. Thursfield. Ivey, I. Metcalfe, G.
Kelsall, and K. Li, Microstructure and performaniceestigation of a solid
oxide fuel cells based on highly asymmetric YSZ natigbular electrolytes,
Industrial & Engineering Chemistry Resear4 (13) (2010) 6062-6068.

T. Suzuki, T. Yamaguchi, Y. Fujishiro, and Mwano, Improvement of
SOFC performance using a microtubular, anode-stpgp@SOFC Journal of
The Electrochemical Societyp3 (5) (2006) A925-A928.

T. Suzuki, T. Yamaguchi, Y. Fujishiro, and Mwano, Fabrication and
characterization of micro tubular SOFCs for operatin the intermediate
temperatureJournal of Power Sourcek60 (1) (2006) 73-77.

T. Suzuki, Y. Funahashi, T. Yamaguchi, Y. iBhjro, and M. Awano, Effect
of anode microstructure on the performance of mtatwular SOFCsSolid
State lonicsl80 (6-8) (2009) 546-549.

T. Suzuki, Y. Funahashi, T. Yamaguchi, Y. iBhjro, and M. Awano,
Development of fabrication/integration technology micro tubular SOFCs,
in Micro Fuel Cells - Principles and Applicatior{&d: T.S. Zhao), Elsevier,
Oxford, UK, 2009 141-177.

C.M. Dikwal, W. Bujalski, and K. Kendall, Cracterization of the
electrochemical performance of micro-tubular SORGartial reduction and
oxidation conditionsjJournal of Power Sourcels81 (2) (2008) 267-273.

T.J. Lee and K. Kendall, Characterisationetdctrical performance of anode
supported micro-tubular solid oxide fuel cell wiethane fuelJournal of
Power Source$81 (2) (2008) 195-198.

N. Akhtar, S.P. Decent, and K. Kendall, Ceimperature measurements in
micro-tubular, single-chamber, solid oxide fuel l€ellMT-SC-SOFCs),
Journal of Power Sourceld5 (23) (2010) 7818-7824.

C. Yang, W. Li, S. Zhang, L. Bi, R. Peng, Chen, and W. Liu, Fabrication
and characterization of an anode-supported holliimer fSOFC,Journal of
Power Source487 (1) (2009) 90-92.

C. Yang, C. Jin, and F. Chen, Micro-tubulati¢ oxide fuel cells fabricated
by phase-inversion metho#ectrochemistry Communicatiori (5) (2010)
657-660.

Y. Liu, S.l. Hashimoto, H. Nishino, K. Takdil. Mori, T. Suzuki, and Y.
Funahashi, Fabrication and characterization of anigbular cathode-

61



Chapter 2 Literature Review

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

supported SOFC for intermediate temperature omerafiournal of Power
Sourcesl74 (1) (2007) 95-102.

T. Yamaguchi, S. Shimizu, T. Suzuki, Y. Faj®, and M. Awano,
Fabrication and evaluation of cathode-supportedisoale SOFCd\aterials
Letters62 (10-11) (2008) 1518-1520.

T. Yamaguchi, S. Shimizu, T. Suzuki, Y. Faj®, and M. Awano,
Fabrication and characterization of high perforneacathode supported small-
scale SOFC for intermediate temperature operati&fgctrochemistry
Communicationd 0 (9) (2008) 1381-1383.

M. Liu, D. Dong, F. Zhao, J. Gao, D. Ding, Kiu, and G. Meng, High-
performance cathode-supported SOFCs prepared hggée-step co-firing
processJournal of Power Sourcek32 (2) (2008) 585-588.

S. Zhang, L. Bi, L. Zhang, C. Yang, H. Warajd W. Liu, Fabrication of
cathode supported solid oxide fuel cell by mulyidatape casting and co-
firing method, International Journal of Hydrogen Energg94 (18) (2009)

7789-7794.

T. Yamaguchi, T. Suzuki, S. Shimizu, Y. Faj®, and M. Awano,
Examination of wet coating and co-sintering tecbgas for micro-SOFCs
fabrication,Journal of Membrane Scien8@0 (1-2) (2007) 45-50.

Y. Liu, M. Mori, Y. Funahashi, Y. Fujishirgand A. Hirano, Development of
micro-tubular SOFCs with an improved performancea vhano-Ag

impregnation for intermediate temperature operatidiectrochemistry

Communication® (8) (2007) 1918-1923.

T. Suzuki, Y. Funahashi, Z. Hasan, T. YanwguY. Fujishiro, and M.
Awano, Fabrication of needle-type micro SOFCs facrom power devices,
Electrochemistry Communicatiod$ (10) (2008) 1563-1566.

N. Akhtar, S.P. Decent, D. Loghin, and K.rndell, Mixed-reactant, micro-
tubular solid oxide fuel cells: An experimental dyu Journal of Power
Sourcesl93 (1) (2009) 39-48.

K.V. Galloway and N.M. Sammes, Performanegrddation of microtubular
SOFCs operating in the intermediate-temperaturgeadournal of The
Electrochemical Societis6 (4) (2009) B526-B531.

R. Campana, R.l. Merino, A. Larrea, I. Villeal, and V.M. Orera,
Fabrication, electrochemical characterization amerrhal cycling of anode
supported microtubular solid oxide fuel cellgurnal of Power Sourcek92
(1) (2009) 120-125.

C. Jin, J. Liu, L. Li, and Y. Bai, Electroemical properties analysis of tubular
NiO-YSZ anode-supported SOFCs fabricated by theeimaversion method,
Journal of Membrane Scien8d1 (1-2) (2009) 233-237.

Y.W. Sin, K. Galloway, B. Roy, N.M. SammesH. Song, T. Suzuki, and M.
Awano, The properties and performance of microHfab(ess than 2.0 mm

62



Chapter 2 Literature Review

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

0.D.) anode suported solid oxide fuel cell (SOH@)ernational Journal of
Hydrogen Energy6 (2) (2011) 1882-1889.

X. Zhang, B. Lin, Y. Ling, Y. Dong, G. Men@nd X. Liu, An anode-
supported micro-tubular solid oxide fuel cell witadox stable composite
cathode]nternational Journal of Hydrogen Ener@p (16) (2010) 8654-8662.

T. Suzuki, M. Zahir, T. Yamaguchi, Y. Fujisty, M. Awano, and N. Sammes,
Fabrication of micro-tubular solid oxide fuel cellsth a single-grain-thick
yttria stabilized zirconia electrolyteJournal of Power Source495 (23)
(2010) 7825-7828.

C. Yang, C. Jin, and F. Chen, Performandeawmioro-tubular solid oxide cell
with novel asymmetric porous hydrogen electrdélectrochimica Act&b6 (1)
(2010) 80-84.

F. Zhao, C. Jin, C. Yang, S. Wang, and F.erGhFabrication and
characterization of anode-supported micro-tubutdidoxide fuel cell based

on BaZp1Ce 7Y 01Ybo 1034 electrolyte,Journal of Power Source$96 (2)
(2011) 688-691.

L. Zhao, X. Zhang, B. He, B. Liu, and C. XMicro-tubular solid oxide fuel
cells with graded anodes fabricated with a phagergion methodJournal of
Power Sourced96 (3) (2011) 962-967.

V. Gil, J. Gurauskis, R. Campana, R.l. Merii\. Larrea, and V.M. Orera,
Anode-supported microtubular cells fabricated wghadolinia-doped ceria
nanopowdersjournal of Power Sourcel96 (3) (2011) 1184-1190.

F. Calise, G. Restucccia, and N. Sammes, efixygntal analysis of
performance degradation of micro-tubular solid exithel cells fed by
different fuel mixturesJournal of Power Sourceld6 (1) (2011) 301-312.

N. Akhtar and K. Kendall, Silver modifiedtbade for a micro-tubular, single-
chamber solid oxide fuel cellnternational Journal of Hydrogen Ener@6
(1) (2011) 773-778.

T. Yamaguchi, K.V. Galloway, J. Yoon, andWN.Sammes, Electrochemical
characterizations of microtubular solid oxide figglls under a long-term
testing at intermediate temperature operatlmurnal of Power Sources96
(5) (2011) 2627-2630.

T. Okubo, K. Haruta, K. Kusakabe, S. Moropokia Anzai, and S. Akiyama,
Preparation of a sol-gel derived thin membrane gomus ceramic hollow
fiber by the filtration techniquelournal of Membrane Scien&® (1) (1991)
73-80.

X. Tan, S. Liu, and K. Li, Preparation artthcacterization of inorganic hollow
fiber membraneslournal of Membrane Scien@88 (1) (2001) 87-95.

S. Liu, K. Li, and R. Hughes, Preparationpofous aluminium oxide (ADs)
hollow fibre membranes by a combined phase-invararmd sintering method,
Ceramics Internationa?9 (8) (2003) 875-881.

63



Chapter 2 Literature Review

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

K. Li, Ceramic Membranes for Separation and Reagctiwhn Wiley & Sons
Ltd., Chichester, UK, 2007.

B.F.K. Kingsbury and K. Li, A morphologicatudy of ceramic hollow fibre
membranes]ournal of Membrane Scien828 (1-2) (2009) 134-140.

R.W. Baker,Membrane Technology and Applicatipnkohn Wiley & Sons
Ltd., Chichester, UK, 2004.

S.I.D.N. Loeb and S.R.I.N. Sourirajan, Seatev demineralization by means
of an osmotic membrane, Baline Water Conversion — (Ed: R.F. Gould),
Advances in Chemistry, American Chemical Societygstiington DC, USA,
38 (1963) 117-132.

H. Strathmann and K. Kock, The formation hmmasm of phase inversion
membranedDesalination21 (3) (1977) 241-255.

B.F. Barton and A.J. McHugh, Kinetics of thmrally induced phase separation
in ternary polymer solutions. I. Modeling of phaseparation dynamics,

Journal of Polymer Science Part B: Polymer Phys3@s(13) (1999) 1449-

1460.

L. Zeman and G. Tkacik, Thermodynamic analyd a membrane-forming
system water/N-methyl-2-pyrrolidone/polyethersudpdournal of Membrane
Science36 (1988) 119-140.

Z.S. Li, Investigation of the dynamics memieaormation by of poly(ether
sulfone) membrane formation by precipitation immarsJournal of Polymer
Science Part B: Polymer Physid8 (5) (2005) 498-510.

J. Barzin and B. Sadatnia, Theoretical phalagram calculation and
membrane morphology evaluation for water/solverygtbersulfone systems,
Polymer48 (6) (2007) 1620-1631.

S. Liu and K. Li, Preparation T#Al,O3 composite hollow fibore membranes,
Journal of Membrane Scien248 (1-2) (2003) 269-277.

N. Yang, X. Tan, and Z. Ma, A phase invengsintering process to fabricate
nickel/yttria-stabilized zirconia hollow fibers #se anode support for micro-
tubular solid oxide fuel cellslournal of Power Sources33 (1) (2008) 14-19.

N. Droushiotis, U. Doraswami, K. Kanawka, Hz.Kelsall, and K. Li,
Characterization of NiO-yttria stabilised zircorfdSZ) hollow fibres for use
as SOFC anodeSplid State lonic480 (17-19) (2009) 1091-1099.

U. Doraswami, P. Shearing, N. Droushiotis, L. N.P. Brandon and G.H.
Kelsall, Modelling the effects of measured anodgldrphase boundary
densities on the performance of micro-tubular helfdber SOFCsSolid State
lonics (Article in Press) doi:10.1016/}.ssi.2009.10.013.

S. Uhlenbruck, N. Jordan, J.M. Serra, H.Riclikremer, and D. Stover,
Application of electrolyte layers for solid oxidedl cells by electron beam
evaporationSolid State lonicd81 (8-10) (2010) 447-452.

64



Chapter 2 Literature Review

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

W. Henne, G. Dunweg, W. Schmitz, R. Pohled &. Lawitzki, Method of
producing dialyzing membrangS Patent 4164437.979.

T. Yanagimoto, Manufacture of ultrafiltrationembranesJapanese Patent
62019205 1987.

T. Yanagimoto, Method for manufacture of Ibal-fibre porous membranes,
Japanese Patent 630927,11088.

O.M. Ekiner, R.A. Hayes, and P. Manos, Nowellticomponent fluid
separation membrandgS Patent 5085676.992.

D. Wang, K. Li, and W.K. Teo, Preparation ahnular hollow fibre
membranes]ournal of Membrane Sciendé6 (1) (2000) 31-39.

Y. Li, C. Cao, T.S. Chung, and K.P. Pramo#&ajprication of dual-layer
polyethersulfone (PES) hollow fiber membranes waih ultrathin dense-
selective layer for gas separatialgurnal of Membrane Scien@45 (1-2)
(2004) 53-60.

L. Jiang, T.S. Chung, D.F. Li, C. Cao, andk&lprathipanja, Fabrication of
Matrimid/polyethersulfone dual-layer hollow fiber embranes for gas
separationJournal of Membrane Scien@d0 (1-2) (2004) 91-103.

Y. Li and T.S. Chung, Exploration of highsulfonated polyethersulfone
(SPES) as a membrane material with the aid of ByaFr hollow fiber
fabrication technology for protein separatidournal of Membrane Science
309 (1-2) (2008) 45-55.

N. Widjojo, T.S. Chung, and S. KulprathipanjThe fabrication of hollow
fiber membranes with double-layer mixed-matrix miate for gas separation,
Journal of Membrane Scien825 (1) (2008) 326-335.

J. de Jong, N.E. Benes, G.H. Koops, and Ms$ling, Towards single step
production of multi-layer inorganic hollow fiberslournal of Membrane
Science239 (2) (2004) 265-269.

Z. Wu, B. Wang, and K. Li, A novel dual-layeeramic hollow fibre
membrane reactor for methane conversimurnal of Membrane Scien&52
(1-2) (2010) 63-70.

K. Kanawka, M.H.D. Othman, Z. Wu, N. Droustis, G. Kelsall, and K. Li, A
dual layer Ni/Ni-YSZ hollow fibre for micro-tubulaBOFC anode support
with a current collectorizlectrochemistry Communicatiods (1) (2011) 93-
95.

65



Chapter 3 Sin@ep Fabrication of Electrolyte/Anode Dual-Layerllder Fibre
for Micro-Tubular Solid Oxide Fuel Cells

CHAPTER 3

Single-Step Fabrication of Electrolyte/Anode Dual-layer

Hollow Fibres for Micro-Tubular Solid Oxide Fuel Cells

Abstract

This chapter reports the fabrication of defect-freerium-gadolinium oxide
(CGO)/nickel oxide (NiO)-CGO dual-layer hollow fidbdrprecursor using novel co-
extrusion process. In the early stage of this wéslir hollow fibre precursors with
variation in the anode structures were prepareaveder, only hollow fibre precursor
with anode asymmetric structure was chosen to beacterised. In order to find the
optimum co-sintering temperature, the hollow fiprecursor was co-sintered at three
different temperatures (145, 1500°C and 1550°C) which then followed by a
simple reduction process. The produced CGO/nidkgtCGO hollow fibres can be
distinguished by their electrolyte outer layer ppeoximately 80 um supported by an
asymmetric anode inner layer of approximately 22@. pAdvantageously, this
fabrication technique results in great adhesiorwbeh the anode layer and the
electrolyte layer. Moreover, no elemental inteffudifon between layers, such as Ni, is
observed even at 1580. By increasing the co-sintering temperature,nieehanical
strength of the developed dual-layer hollow filyas-tightness of the electrolyte layer
and electrical conductivity of the anode layer armereased. However, gas
permeability through the anode layer decreases atreafly with the increase of the
co-sintering temperature, which may greatly redtiee gas diffusion in the anode

during the fuel cell operation and consequentlyect the performance of the
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corresponding micro-tubular SOFC. Based on thesitgation of the effects of co-
sintering temperature on the mechanical, structaat electrical conducting
properties of the dual-layer hollow fibres, thelbwl fibre that co-sintered at 156G
shows the most favourable properties and thereiftongs chosen for the construction
of micro-tubular solid oxide fuel cells (SOFC). Mbietubular SOFC fed with
humidified hydrogen at the anode and air at thehaw# produces acceptable

maximum power densities, i.e. 0.34-0.6&? at 550-60C°C.

3.1 Introduction

Solid oxide fuel cells (SOFCs) have been consideaasda promising electricity-
generation technology because of their high efficyein converting chemical energy
to electrical power [1]. To date, two types of SO#€3igns, i.e. planar and tubular
SOFCs, have been widely studied. Although planaFG®©in a highly compact
configuration show high power density, the desi§nhis type is challenged by the
sophisticated sealing near the edges of the celiesponly few sealants can be
employed at a high temperature operation [2]. Intast, the tubular geometry is
more reliable and can be operated in the absenceighf temperature sealants.
However, it is difficult to achieve high power outpdue to a less efficient cell
packing and low surface area. In order to imprdwe \tolumetric power output, the
diameter of tubular designs needs to be reduced &few centimeters (e.g. Siemens-
Westinghouse cell) to the order of 1 mm, namelyratabular SOFCs as they are
often referred to in the literature. The designhis type can significantly increase the
surface area of electrodes, improve mechanical epties and more importantly,
speed up the start-up and the shut-down procesgkeasaa result, the micro-tubular

SOFCs have attracted increasing interests in rg@ams [3-9].
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Besides the progress in SOFC designs, developmetitel fabrication process is
critically important to ensure the success of tb#. ®reviously, the fabrication of
micro-tubular SOFC can only be achieved throughtiplalstep processes [3-9]. A
support layer for example anode tube is first pregpaand pre-sintered to provide
mechanical strength to the fuel cell. The electmliayer is then deposited and
sintered prior to the final coating of cathode laygach step involves at least one high
temperature heat treatment, making the cell faboatime-consuming and costly

with unstable control over cell quality.

For a more economical fabrication of micro-tubuB®OFC with reliability and
flexibility in quality control, an advanced dry-jatet extrusion technique, i.e. a phase
inversion-based co-extrusion process, is develogdsing this technique, an
electrolyte/electrode (either anode or cathode)-lhyar hollow fiber can be formed
in a single step. In general, the co-extrusion neape was firstly introduced for
fabricating polymeric dual-layer membrane abouty88rs ago [10-12] and extensive
investigations have been carried out in the redé@nyears [13-18]. However, only a
few research groups involved in the developmentesamic dual-layer membranes

[19-21], as the result of numerous challengeseafabrication processes.

In the co-extrusion process, two spinning susp@ssioave to be prepared. One
suspension is extruded through the outer orifica ¢fiple-orifice spinneret whereas
another one is extruded simultaneously throughirther orifice. Concurrently, the
internal coagulant must be injected through theelintube. In comparison with
conventional extrusion processes, the co-extrussomore attractive due to the
following reasons: (i) saving the production cosidatime as it combines two

processes into one [22]; (ii) decreasing the risikducing defect [23]; (iii) producing
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a great adhesion between layers [19]. However, whentwo dopes are made of
different materials with different concentratiorise fabrication of dual-layer hollow
fibres become more complicated [24]. Furthermorepaintering process, which is
needed for the preparation of ceramic dual-laydotwdfibres, is another challenge in
the preparation process since the sintering bebeviof the two layers must be well
matched to avoid the formation of cracks or defehising the high temperature

sintering.

This chapter reports the success of the fabricatiodefect-free electrolyte/anode
dual-layer hollow fibres using a phase inversiosduh co-extrusion/co-sintering
technigue followed by a simple reduction proceshe Ttemperature dependent
properties of the developed electrolyte/anode thyar hollow fibre, such as

sintering behaviour, mechanical strength, gas+tiggs of the electrolyte layer and
porosity and conductivity of the anode layer, wals® investigated by varying the co-
sintering temperature from 1450 to 1580 aiming at selecting the right co-sintering
profile of the hollow fibres. A complete fuel celias then developed by applying the
cathode and current collectors on the dual-layetlowo fibores before an

electrochemical measurement test was carried othewcell at temperature between

550 to 600°C using humidified hydrogen as the fuel and aithasoxidant.

3.2  Materials and Experimental Methods

3.2.1 Materials
Commercially available cerium-gadolinium oxide {@&d, ;0,95 or CGO, surface
area 35 g, dso 0.32 pm) and nickel oxide (NiO, surface area®mdsy0.55 um)

were purchased from NexTech Materials Ltd. (Ohio) they were used as supplied.
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Polyethersulfone (PESf) (Radel A-300, Ameco Peréotoe, USA), N-methyl-2-
pyrrolidone (NMP) HPLC grade, Rathboh@r dimethyl sulfoxide (DMSO) (Sigma-
Aldrich), and polyethyleneglycol 30-dipolyhydroxgarate (Arlacel P135, Unigema)
were used as a polymer binder, solvent and dispersarrespondingly. Tap water
and de-ionized water were used as the externalraachal coagulants respectively.
Lanthanum strontium cobalt ferrite, d.651 4C o JFey s03 (LSCF) (NexTech Materials
Ltd., Ohio) and ethylene glycol (99+%, Acros Orgamwere used as the materials for

cathode slurry.

3.2.2 Preparation of electrolyte/anode dual-layer dilow fibres

In the preparation of the electrolyte/anode duggtahollow fibres, two ceramic

suspensions were prepared separately. The suspesfstbe anode inner layer was
composed of 60 wt.% of NiO and 40 wt. % of CGO, levlthe one for the electrolyte

outer layer contained 100 % CGO powder. The suspemscompositions of four

different dual-layer hollow fibres are listed inblla 3.1, in which the fibres are named
as HF1, HF2, HF3 and HF4. Ceramic powders weré riniged with solvent (either

NMP or DMSO) and the dispersant and stirred forhé8rs. After this time, PESf

pellets were slowly added into the mixtures underisg at ~300 rpm (OST 20

Digital YELLOWLINE IKA). The mixing was further cared out for an extra 48

hours to obtain homogeneous spinning suspension.
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Table 3.1 Compositions of the spinning suspension for dagér hollow fibres.

Fibre Layer Solvent type Composition (wt.%) Viscosity aB0 s

name NiO CGO PESf Arlacel P135  Solvent (cP)

HF1 Anode NMP 39.60 26.40 6.60 0.12 27.28 6690
Electrolyte - 64.00 6.40 0.12 29.48 8490

HF2 Anode NMP 40.80 27.20 6.80 0.12 25.08 7150
Electrolyte - 64.00 6.40 0.12 29.48 8490

HF3 Anode NMP 42.60 28.40 7.10 0.12 21.78 24400
Electrolyte - 64.00 6.40 0.12 29.48 8490

HF4 Anode DMSO 42.00 28.00 7.00 0.12 22.88 32500
Electrolyte - 64.00 6.40 0.12 29.48 14900
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The dual-layer hollow fibre precursors were pregdrg a phase inversion-based co-
extrusion technique. Prior to the co-extrusion, hb@pinning suspensions were
degassed while stirring at room temperature ty ftdmove the air trapped inside the
suspensions. The both spinning suspensions weneldbhded into two stainless steel
containers and forced simultaneously through aletgpifice spinneret. The
illustration of co-extrusion process is shown scageally in Figure 3.1, while the

photographic images and dimension of the spinregseshown in Figure 3.2 (a-c).

Inner layer

Control unit

Outer
layer

Internal
coagulant

Control unit Control unit

Spinneret
Air gap height <

External
coagulation —»
bath

Hollow fibre
precursor

) 4

Figure 3.1 Schematic diagram of the phase inversion-basezktrasion process of

the dual-layer hollow fibres precursor.
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ww 0'e
ww e

Figure 3.2 Photographic images of (a) triple-orifice spireteirom side, (b) triple-
orifice spinneret from bottom, (c) dimension of theple-orifice spinneret, (d)

example of CGO/NiO-CGO dual-layer hollow fibre puesors.
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The inner and outer layers spinning suspensiondlei, HF2 and HF3 were
pressurised using nitrogen gas, where the proceldasebeen described in detail
elsewhere [25], while the extrusion rate of inned auter layers for HF4 were
accurately monitored and controlled by syringe psifiPHD 2000 Programmable,
HARVARD APPARATUS). The operating conditions empdalyfor preparing the

electrolyte/anode dual-layer hollow fibres are swansed in Table 3.2.

Table 3.2 Co-extrusion conditions of the dual-layer hollblres.

Fibre Layer Extrusion Flow rate of internal coagulant  Air gap

name pressure/rate (cm>min™) (cm)

HF1 Anode 15 psig 13 15
Electrolyte 20 psig

HF2 Anode 15 psig 13 15
Electrolyte 20 psig

HF3 Anode 15 psig 13 15
Electrolyte 20 psig

HF4 Anode 7 crimin™
Electrolyte 7 cimin® 10 20

The selected dual-layer hollow fibre precursors evélnen co-sintered at three
different co-sintering temperatures in a tube foen@I'SH17/75/450, ELITE) under
static air atmosphere. The temperature was inadefaisen room temperature to 400
°C at a rate of 2Zmin™ and held for 1 hour, then to 880 at a rate of Zmin™ and
held for 2hours, and finally to target temperatures (i.e.0145%00 and 155¢C) at a
rate of 15°Cmin™ and held for 1hours. The temperature was then reduced to room

temperature at a rate ofGmin™.

74



Chapter 3 Sin@ep Fabrication of Electrolyte/Anode Dual-Layerllder Fibre
for Micro-Tubular Solid Oxide Fuel Cells

Finally, the co-sintered CGO/NiO-CGO dual-layer lbwi fibres were reduced to
CGO/NI-CGO hollow fibres in tube reactor (The Teidah Glass Co, UK) using pure
hydrogen. The tube was inserted into a horizontahdce (MTF 12/25/250,
CARBOLITE). Argon of 30 crimin™ (20°C, 1 atm) was used to expel the air until
the reactor temperature reaches %50following which the argon flow was replaced
by pure hydrogen of 26m® min* (20 °C, 1 atm). After 2.%ours of reduction, the
flow of hydrogen was switched to argon until thenperature was reduced to room

temperature. The heating and cooling rates weredet’C min™.

3.2.3 Characterisations of dual-layer hollow fibres

3.2.3.1 Viscosity test
Viscosity data was collected (Physica UDS-200 rhetem) using concentric cylinder
geometry at shear rates between 0-1b8t20°C and spinning suspension samples

were taken and tested immediately prior to holldwef preparation.

3.2.3.2 Scanning electron microscopy

The morphology of the dual-layer hollow fibres wesamined using a JEOL JSM-
5610 scanning electron microscopy (SEM). The holfibres were snapped in order
to obtain cross-sectional fracture. These holldwefisamples were then placed on a
metal holder and sputtered by gold under vacuunghHesolution images of the
cross-section of the hollow fibres were taken dfedént magnifications using

secondary electron imaging (SEI) mode.
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3.2.3.3 Sintering behaviour analysis

The sintering behaviours of the anode and eled&ralgramic materials were studied
using dilatometer (Netzsch, model DIL 402C). Afieixing in ethanol and followed
by a drying process, the mixtures of ceramic powadegre pressed into rectangular
bars with the dimensions of 6m®mm 20mm for testing. The measurements were
carried out under static air atmosphere, usingadithg rate of 3 °@in™* from room

temperature to 1500 °C.

3.2.3.4 Energy dispersive X-ray spectroscopy

The elemental distribution at the interface betwaamer and outer layers of the
hollow fibre was analyzed by energy dispersive Xspectroscopy (EDS) technique
using JEOL 840 SEM. The sample preparation proeed@s similar to the one for

the SEM.

3.2.3.5 X-ray diffraction analysis

X-ray diffraction (XRD) analyzer was used to idénthe crystal phases of inner and
outer layers of the developed hollow fibre andnieesstigate the reduction of NiO and
contamination or solid state reaction of the materiXRD analysis was applied using
an x’celerator detector, soller 004 rad (X'Pert PROdel) and a Cu x-ray tube with
K radiation ( = 154.2 pm). The sintered samples were analyzethanrange of

10 2 (°) 80ata iscan rate.
3.2.3.6 Three-point bending test
The mechanical strength of hollow fibres was exaaiby three-point bending test

using an Instron Model 5544 tensile tester provideth a load cell of 1 kN, as
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illustrated in Figure 3.3. Dual-layer hollow fibregere fixed on the sample holder
with a 30 mm distance. The bending stren@h) (s calculated using the following
equation [26]:

B = 8NLD, 3.1)

p(D,*- D)
whereN is the measured load at which fracture occurred I(ND,, D; are the length,

the outer diameter and the inner diameter of tHiewdibres (m), respectively.

1 kN load cell

Hollow fibre
sample

/

Applied
force

3cm

Support for fibre Support for fibre
Figure 3.3 Schematic representation of three-point bendimigength testing

apparatus.

3.2.3.7 Gas permeation tests

In this chapter, two types of gas permeation tegtse performed which (i) for
measuring the gas permeation across the anodedage(ii) for measuring the gas-
tightness of the electrolyte. For conducting the td the first type, Ni-CGO single-
layer hollow fibres had been fabricated using thme condition as the dual-layer
hollow fibres. The nitrogen gas flow rate across dnode was measured using bubble

flow meter.Thehollow fibre for the test was glued into a stainless steel sahgder
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with epoxy resin (UKR-135 resin with UKH-136 haréen UK Epoxy Resins,
Lancashire, UK). It was then assembled into a®gdiiider with a volume capacity of
300 cni. The feed gas was supplied at the bore side of Woflbre, while the
permeate gas was collected at the shell side tdwdibre anode, as shown in Figure
3.4. The gas permeability was determined from gilewing equation [26]:

_ _QIn(D,/D;)
~ pL(D,- D,)LP

(3.2)

whereP, Q, D, Di, L and P are the gas permeability of nitrogénolm?s*Pat), the

total gas permeation rate (n&d), the inner and outer diameter of the hollow fibre
(m), the hollow fibre length (m), and the pressditference across the membrane
(Pa), respectively. The permeability that obtaifedthese single-layer hollow fibres
can be used to indicate the trend of gas flow thinothe anode of the dual-layer

hollow fibres against the co-sintering temperature.

Pressure Pressure [ |
regulator transducer

Valve HO”OW Epoxy
{>_’_<} fibre \g resin

AR !
/

Permeation

cell \

Gas Sample module

Bubble
flow
meter

Figure 3.4 Schematic diagram of apparatus for measuringpgaseation.
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Gas-tightness of the electrolyte layer of the hwellbbres was studied at room
temperature using a gas permeation method descelsed/here [27]. The set-up of
this test is slightly similar with the anode perti@a test apparatus that shown in
Figure 3.4. The main difference in the test is dhly way how the gas permeation is
measured. If the permeability of anode was obtaiinech the gas flow rate using
bubble flow meter, the gas-tightness of the eldgowas determined by pressure
changeover timeusing a pressure transdudéat was connected to the permeation
system Nitrogen (N) was used as a testing gas. The gas permeabilityis obtained

based on the cylinder pressure change with time:

— VC In Po - Pa
RT XAt P, - P,

(3.3)

whereP is the permeability of the test membrane (mdék*Pal); V¢ is the volume of
the test cylinder (f); R is the gas constant (8.314ndI* K™); T is the measured
temperature (K)p, and p; are the initial and final measured pressures intése¢
cylinder (Pa)pa is the atmospheric pressure (PaYm?) is the hollow fibre area that
isA=[ (Do- D))L}/In(Dy/D;), whereD, andD; are respectively the outer and the inner
diameter of théhollow fibre (m); L is the length of théollow fibre (m); andt is the

time for measurement (s).

3.2.3.8 Electrical conductivity test

The electrical conductivity measurement of anoddohofibres is similar to the
procedure described by Droushiogsal. [9]. The conductivity of the samples was
measured by using the four-point direct-current Y&€hnique, which the set-up was
developed in our collaborator laboratory (Professeoffrey Kelsall from Chemical

Engineering Department, Imperial College London$fa@wn in Figure 3.5.
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CE .
Potentiostat
RE WE
- I circuit
Fibre
Rknown
Vmeasured
Multimeter

Figure 3.5 The schematic diagram of the experimental settifour-point DC

technique.

The hollow fibre samples were directly connectedhi set-up without using a base.
An accurate current was generated by applyingedfpotential between the working
electrode WE) and reference electrodRE) of the potentiostat (Autol&bPGSTAT
30, Netherlands) which was applied across the togsi&nown (100 , Metal film
resistance) (counter electrod€E, functions as a current-carrying electrode that
completes the cell circuit). The currents were g¢eahby varying the applied potential
between 5 and 10 V. Potential drops due to thestessie of the measured length of
the fibre were measured using a multimeter (Keythl®5 System SMM). The
measurement was carried out at room temperature2(cdC). The potential
differences across the anode hollow fibres of 20 lemgth were measured by passing
varying controlled currents (50, 75 and 100 mAhdar fits to the generatéd/ data
were used to determine anode fibre resistance fwbinh the electrical conductivity

of the anodeg, S cm') was estimated from the equation below:
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(3.4)

wherer, is the anode resistance)(L is the fibre length (cm) andlis the cross-

sectional area of the hollow fibre (nwhereA = (Dy>-Di?)/4.

3.2.3.9 Electrochemical measurements

Similar to the electrical conductivity set-up, tteactor set-up for electrochemical test
of a single-cell of micro-tubular SOFC used in thisrk was also developed in our
collaborator laboratory, Professor Geoffrey Kels#dgether with his PhD student
(Nicolas Droushiotis). Prior to the electrochemicaéasurements, multi-layers of
cathode were deposited on the electrolyte of thal-ldyer hollow fibres. Two
cathode material slurries (one was a mixture o600 LSCF and 50 wt.% CGO,
while another one was 100 wt.% LSCF) were prepasediixing the powders with
ethylene glycol in ratio 1:1 in weight. The co-sirgd dual-layer hollow fibres were
then cut to 50 mm length and the outer layer serfaas then covered with masking
tape, leaving 10 mm uncovered surface at the centitee fibers. The cathode multi-
layers, which the first and second layers werentiddure LSCF-CGO and the third
layer was 100 wt.% LSCF, were deposited using bpsahting technique onto the
hollow fibres. Each layer was left to dry in air fb hour, before the next layer was
applied. After the third layer dried, the hollovbrfies were sintered at 1260 for 5

hours to form a complete micro-tubular SOFC withndif length cathode.

The resultant cell was then fixed in a gas-tightvaha tube (Multilab Ceramics, UK)
using a ceramic sealing paste, Ceramabond (Aret&a@), after applying current
collectors, as shown in Figure 3.6. The currentectibn was made by wrapping

silver wire around the cathode layer and condugileénum paste was used to reduce
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potential losses between the wire and the cathadace. Silver wool was packed
inside the fibre lumen for the anode current coitet; producing excellent electrical
contact onto the anode wall. The complete celltzragas inserted in the centre of a
tube furnace (MTF 12/25/250, CARBOLITE). An additad thermocouple (K-type
thermocouple, YC-747D-4 Channel data logger) wasqa close to the cell in the
furnace in order to measure the temperature ofctie surface. The silver wires
attached to the anode and the cathode were thennecmd to a
potentiostat/galvanostat (AutofadPGSTAT 30, Eco Chemie, Netherlands) and a

booster (AutolalBSTR10A,Eco Chemie, Netherlands).

A micro -tubular SOFC with current collectors

Anode inner  Electrolyte Platinum
layer support  outer layer ~ paste

Anode
silver WAire

Deposited
cathaode layer

Anode
silver wools

Cathode
silver wire

Ceramic sealing
paste

Alumina tube

Figure 3.6 Experimental apparatus of the single micro-tub8@FC reactor.

82



Chapter 3 Sin@ep Fabrication of Electrolyte/Anode Dual-Layerllder Fibre
for Micro-Tubular Solid Oxide Fuel Cells

Prior to the fuel cell test, the anode of the velk pre-conditioned in 5 chmin® of
hydrogen (saturated with water vapour of 0.12 orin® at 20°C, 1 atm) at 550 °C
for 2.5 hours in order to reduce NiO-CGO to Ni-CGdydrogen of 15 crhmin®
(saturated with water vapour of 0.35%min* using a bubbling cylinder at 2, 1
atm) and air of 40 cimin™ (20°C, 1 atm) were then flowed through the anode and
cathode respectively in a counter-flow arrangeméiite current-voltage I1{V)
characterisation was recorded using cycling Voltayneat galvanostatic mode
(software Nova 1.5, Autolab, Eco Chemie) at opagatemperature of 550 to 660
and a current step of approximately 1.1 second. AGeimpedance spectra were
measured on the same electrochemical workstatidil (Blz-100 kHz) with signal
amplitude of 10 mV under open-circuit condition®nfr 550 to 600°C and was
controlled by FRA 4.9 (Frequency Response Analyzennection, Autolab, Eco

Chemie).

33 Results and Discussion

3.3.1 Macrostructure

Figure 3.2 (d) shows a photographic image of tha-thyer hollow fibre precursors
developed in this study. The light yellow outerdagontains CGO powder, PESf and
a small amount of dispersant. Meanwhile, the dagleig inner layer is the mixture of
NiO-CGO powders, PESf and dispersant. In order ttmlys the structure of the
obtained hollow fibre, the SEM images of the preouws HF1, HF2, HF3 and HF4 are
shown in Figure 3.7. The anode inner layer crostiese of HF1 exhibits a sandwich-
like structure with finger-like voids from both ienand outer sides, leaving a small

sponge-like region in the middle of the hollow &br
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Figure 3.7 SEM images of the (a) overall view and (b) cresstional view of the
CGO/NIiO-CGO dual-layer hollow fibre precursors HHE2, HF3 and HF4. The

images were taken using secondary electron img§Bgg¢ mode.
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It is believed that only finger-like voids origimag) from inner surface could facilitate
the fuel diffusion in the anode, while the preseatthe voids from outer side would
reduce the conductivity and mechanical strengtlthef hollow fibre and affect the
gas-tightness property of the electrolyte outeetayherefore, effort has been done to
eliminate the finger-like voids in the outer sudacf the anode by increasing the
initial viscosity of the inner layer suspensionngsbury and Li [28] reported that the
finger-like voids are formed when the suspensiome&® in contact with the non-
solvent (i.e. coagulant) which results in solvemt4solvent exchange, leading to a
rapid increase in local viscosity and finally pptation of the polymer binder phase.
However, due to instabilities at the interface hedw the suspension and the non-
solvent, there is a tendency for viscous fingetmgccur which results in creation of
finger-like voids structure. These voids are thepged by locally rising viscosity at
the front of advancing finger-like void which thixads to the formation of a sponge-
like structure. As fibre formation involving phasaversion is a dynamic process
involving the precipitation of the polymer phasetibthe initial suspension viscosity
and the rate at which the viscosity increases duitire fibre formation process are
important in determining the final fibre structuréhe initial suspension viscosity
prior to phase inversion dictates how close theesyss to the viscosity at which
viscous fingering is eliminated (critical viscogityf the system is close to this point
then the critical value will be exceeded very safter the phase inversion process is

initiated by contact with non-solvent and viscoingéring will be reduced.

As shown in Table 3.1, the inner layer suspensimtogity is increased by the
increase of particles (mixed NiO and CGO) loadirant 66 wt.% to 68 wt.% and is
dramatically enhanced when the particles loadinglis%. Although the fibre HF2

prepared from 68 wt.% has similar structure withlHRF which the finger-like voids
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are created from both inner and outer sides oatizele, the void length and size from
the outer side of anode is slightly reduced. A gaelike region occupying

approximately 20 % of the fibre cross-section pnesdetween the inner and outer
finger-like voids. The length of the finger-like ids structure is further reduced when
the patrticles loading is increased to 71 wt.%, laew® in SEM images for HF3

(Figure 3.7). Despite of that, the macro-voids tiee from the outer surface of the
anode is still created due to the insufficient @&ty which causes to the formation of

such void structure.

Therefore, DMSO is introduced as the solvent tdaepNMP (which were used as a
solvent in HF1, HF2 and HF3) in order to furtheppress the formation of finger-like
voids in outer surface of the inner layer. DMSO whssen due to its high freezing
point (i.e. 18.5°C) which increases both the initial suspensionosity and the rate of
viscosity increase during phase inversion and thesjlts in an incipient increase of
the resistance against the formation of finger-likels (i.e. freezing effect) [29]. As a
result, different morphology is formed for HF4,iapresents an asymmetric structure
with short finger-like voids structure originatinffom the inner surface to
approximately 35 % of the inner layer thicknesserelas the other 65 % consists of a

sponge-like structure.

As shown in Figure 3.7, the electrolyte outer lafgerall the dual-layer hollow fibres
is uniformly deposited on the anode inner layere €kectrolyte outer layers thickness
of the HF1, HF2 and HF3 are similar due to the afssame suspension composition
and co-extrusion conditions, however HF4 which uB&ISO as a solvent shows a
thicker electrolyte layer. The outer layer of HH4oashows small finger-like voids

near the outer surface and sponge-like structuregpying the rest of the layer. This
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figure also highlights the advantage of developihugl-layer ceramic hollow fibre
using the co-extrusion technique. For most of tlleelomethods fabricating multi-
layer ceramic membranes (disk and tubular membyaties adhesion between the
layers is always a concern. As can be seen in &iguf, great adhesion between the
layers has been achieved without any delaminatorall batches of the fabricated
hollow fibres, which can be attributed to the gaodterial compatibility between the
two suspensions. PESf and DMSO (or NMP) were usetthe binder and solvent(s)
respectively in both the inner and the outer |lagepensions and contribute to form a
seamless interface between the layers. A highenderpowder concentration in the
inner layer suspension can result in a smallemkhge during the phase inversion,
when compared with the outer layer suspension. filiteer improves the adhesion
between the layers, fully prevents the delaminatidmich is unfavourable to hollow

fibre’s integrity and structural stability [30].

For ceramic membranes with a dual-layer structugspecially when the two layers
are made of different materials, co-sintering waajs challenging due to the different
sintering behaviours of the membrane materials. ddisintering of ceramic hollow

fibres would be more difficult because of higherface area and higher curvity of the
fibre when compared with disk or tubular countetaPrior to the co-sintering of the
dual-layer hollow fibres, the sintering behaviowfsthe membrane materials were
investigated using a heating rate of@min™” and the results of which are shown in
Figure 3.8. When compared with the anode innerr)alye electrolyte outer layer

starts to shrink at lower temperature with a muigihér final shrinkage of about 14.7
% (Figure 3.8(a)). Moreover, the highest sintermate of the electrolyte layer is

almost twice of that of the anode layer and tunmsiua temperature of about 28D

lower than the anode layer, as shown in Figureb3.8Due to the significantly
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different sintering behaviours between inner antkolayers and as an effort to delay
the sintering temperature of electrolyte layerlsat it close to that of the anode layer,
a heating rate as high as & min™ is used during the co-sintering process of the
dual-layer hollow fibre, below which heating ratiee fibres might not survive the co-

sintering as has been observed experimentally.
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Figure 3.8 (a) Sintering curves and (b) sintering rate csreé the inner and outer
layer materials. The ceramic powders of each lay@e pressed into rectangular bars

and were carried out under static air atmosphereyws heating rate of min™,
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As the desire anode structure is achieved in HRY, HF4 was co-sintered, reduced
and characterised. After co-sintering the CGO/NiG&Chollow fibre precursor and
reducing NiO in the inner layer to Ni, a CGO/Ni-CGiDal-layer hollow fibre for
micro-tubular SOFC was obtained. The microstrustafethe resultant CGO/Ni-CGO
dual-layer hollow fibres which were co-sinteredvibetn 1450C and 1550C for 12
hours are shown in Figure 3.9. The outer diamé&d®)(and the inner diameter (ID)
of the dual-layer hollow fibre are measured to bapproximately 1400 and 80@im
respectively (Figure 3.9(al-cl)) and the thickngssethe inner and outer layers are
ca. 220mm and 80mm. The macrostructures of the CGO/Ni-CGO dual-ldyatow
fibres (Figure 3.9(a2-c2)), which are free of cigckre almost the same as that of the
CGO/NIO-CGO dual-layer hollow fibre precursor (Figu3.7) which indicates that
the co-sintering only removed the organic materiaishout changing general

structure of the hollow fibre.

As the temperature of co-sintering increases, thheguty of the inner layer decreases
as shown in Figure 3.9(a3-c3) and (a5-c5). Howeherjnner layer’'s cross-section as
well as the inner surface are still quite poroughespores were formed during the
reduction of NiO to Ni. Indeed, the porous struetur anode is desirable for the fuel
gas to diffuse through without too much resistasmilar trend is also found for the

outer layer. As the increase of co-sintering terapee, the electrolyte layer becomes
denser (Figure 3.9(a4-c4) while the CGO grain sieeomes bigger (Figure 3.9(a6-
c6)). The outer surface of the hollow fibres becan®wother and the average CGO
grain size, which is visually estimated from theMBEnages, is of approximately 2.7,

5.9 and 9.6mm for the co-sintering temperature at 1450, 1500 4850 °C,

respectively.
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Figure 3.9 SEM images of the reduced dual-layer hollow fif#€4) at different co-
sintering temperatures; (a) 1480, (b) 1500°C and (c) 1550C, at different views;
(1) Overall view of the hollow fibre, (2) Cross-siea of the hollow fibre, (3) Cross-
section of inner layer, (4) Cross-section of oldgger, (5) Inner surface of the hollow
fibore and (6) Outer surface of the hollow fibre. eTimages were taken using

secondary electron imaging (SEI) mode.
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3.3.2 Nickel distribution and crystal phases in thelual-layer hollow fibres

For polymeric membrane, the inter-layer diffusiontihe dual-layer hollow fibres is
desired since it could enhance the adhesion bettheelayers [14, 31]. However, in
ceramic membrane especially for SOFC applicatioa,inter-layer diffusion must be
prevented as it may reduce the cell efficiency hgrscircuiting. Based on previous
studies [14], the inter-layer diffusion phenomercam be minimised by controlling
the fabrication parameters, such as keeping lowngpet temperature (i.e. 2¥&).
When the spinneret temperature is low, the visigssdf the extruded suspensions are
high and the diffusion rate of the components mdksin the suspensions between
the two layers would be slowed down. Therefordhia study, the spinneret was kept
at temperature below than 2G. The inter-layer diffusion in the electrolyte/aeo
dual-layer hollow fibre was analysed by energy €isive spectrometry (EDS) and
the result is shown in Figure 3.10 in which theldwlfibre sample was co-sintered at

1550°C for 12 hours.

As can be seen in this figure, no Ni element wadsaled in the electrolyte outer layer
which indicates that Ni in the anode layer does pes through the interface and
diffuse into the electrolyte layer during the cdraxion process and even at 1580

of co-sintering. Moreover, the amount of Ni detecie the anode is about 47 wt.%,
which is quite close to the calculated Ni concdidrain the anode made of 60 wt.%
of NiO and 40 wt.% of CGO (Ni content in reduced@&O cermet anode is about

54.1 Wt.%).
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Figure 3.1Q Energy dispersive spectrometry (EDS) analysithefnickel distribution
near the interface between the two layers of tdeced dual-layer hollow fibres. The

fibre was co-sintered at 155C.

In Figure 3.11, X-ray diffraction (XRD) patterns thfe anode inner layer (before and
after reduction) are compared with the original C@@l NiO powders. Similar to
EDS analysis, only the hollow fibre co-sinteredl&60°C is used for XRD analysis.
As can be seen in this figure, no secondary plsfmund except the cubic phases of
NiO and CGO in the anode after the co-sinteringtiarmore, NiO was fully reduced
into Ni at 550°C for 2.5 hours using pure hydrogen without affegtihe structure of
CGO. All these are in agreement with Chen’s worR][3he outer surface of the

electrolyte layer was also characterised by XRD aodNi or NiO phase was
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detected. This indicates that during the co-sintpprocess, there is no inter-diffusion

between the layers, in good agreement with thdteestIEDS analysis (Figure 3.10).
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Figure 3.11 XRD patterns of the reduced and unreduced dyallaollow fibres.
Both reduced and unreduced fibres were co-sintatetb50°C and the patterns of

hollow fibre were compared with that of their pyp@vders.
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3.3.3 Effects of co-sintering temperature on the marostructures of dual-layer
hollow fibres

For ceramic membranes, use of higher sintering éeatpre contributes normally in
improving the mechanical strength of the membrarele in the meantime decreases
the porosity and increases the resistance to gamsep#ion. The dual-layer hollow
fibre developed in this study which functions asugport for micro-tubular SOFC,
requires reasonably strong mechanical property tier deposition of remaining
components such as cathode and current collectoaddition toa highly porous
anode and a dense electrolyte layeks a result, the effects of the co-sintering

temperature on the developed dual-layer holloweftieve been investigated.

The effect of co-sintering temperature on the meah property (bending strength)
of the developed CGO/Ni-CGO hollow fibre, which wasestigated by a three-point
bending test, is shown in Figure 3.12. As can l#nsa significant increase in the
bending strength of around 38 % is observed when cihsintering temperature
increases from 1450 to 156Q, while another increase of less than 8 % is alesker
when the temperature is further increased to 1%50At higher temperature, the
ceramic particles fuse and develop into larger ataber grains with stronger
bounding between them, thus giving higher mecharst@ngth. The mechanical
strength of the developed CGO/Ni-CGO hollow fibiretered at 1500C for 12 hour

is approximately 141.1 MPa. This value is compaabith the Ni-YSZ tube or

hollow fibre with similar size and Ni content. As axample, Ni-YSZ tube fabricated
by gel casting (112.8 MPa) [33], Ni-YSZ tube madepbastic mass ram extrusion
technique (130 MPa) [34] and Ni-YSZ hollow fibresade by dry-jet wet

extrusion/sintering technique (118.6 MPa and 35 Niastructures with finger-like
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voids on one side (asymmetric structure) and balkss(sandwich-like structure)

respectively) [7, 9].
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Figure 3.12 Bending strength of the reduced dual-layer holfdwes measured at

room temperature as a function of co-sintering erajures (number of samples = 5).

The effect of co-sintering temperature on the iracture of the anode inner layer
was investigated by a nitrogen permeation testyhich the Ni-CGO anode hollow
fibre samples were fabricated using same preparataditions as those for the dual-
layer hollow fibre. As can be seen in Figure 31b@, nitrogen permeability values are
significantly higher for fibre sintered at 145G than the fibre at 1508C and the
permeability values further drop when the sinteti@mperature is increased to 1550
°C. Moreover, with the increase of the sintering pemature, the nitrogen

permeability is less dependent on the inlet presdwe. the slope of the permeability
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curve is closer to 0, which shows that Knudsenuditin flow is dominant for the
hollow fibre co-sintered at higher temperature #ing indicates the average pore size
in the anode layer decreases with the increadseddintering temperature. This is also

in agreement with the results in Figure 3.9.

50
45 - A
¢ 1550°C N
H':; 40
o ® 1500 °C
“w 35
o 0 A
= A 1450 °C R
= 30-
£ A
°  25- :
= R
Z 20 A
= A
Q A
[+ |
: 15 L
& 10- A ..
[ ]
5 i . am ® " L] ] .
] ¢ o
e 6 6 o o * s ¢
O T T T T T T T
15 2 25 3 35 4 4.5 5 55

Inlet pressure x 10  (Pa)

Figure 3.13 Gas permeability of the reduced anode singlerlénpdlow fibres as a
function of inlet pressure. The trend of the perbilég of the anode fibres sintered at

different co-sintering temperatures was compared.

The electrolyte layer of SOFC must be impermeabkeny gas to avoid direct contact
between fuel and oxidant. In order to investigdtie effect of the co-sintering
temperature on the outer electrolyte layer of teeetbped dual-layer hollow fibres, a
gas-tightness test was carried out, the processimh has been described elsewhere

[27]. According to Taret al [27], a membrane can be considered fully gas-tight if the
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nitrogen permeability measured is close t%tolm?s*Pa’. As can be seen in
Figure 3.14, the nitrogen permeability of the hallfibres co-sintered at 145 is
13.9 x 10" molm™?s*Pa’. This value decreases dramatically to 2.02 X°1folm?s
'pat at1500°C and only reduces slightly to 0.96 x®anolm?s*Pa* when the co-
sintering temperature is increased 1650 °C. This is due to the decrease of the
porosity in the electrolyte layer with the increasfeco-sintering temperature and
indicates that the co-sintering temperature at 1%DG@s high enough to achieve a

dense electrolyte layer for SOFCs.
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Figure 3.14 Gas permeability of the reduced dual-layer hollidves measured at
room temperature as a function of co-sintering teraure, with the initial pressure of
40 psig. This graph is used to describe the gddrasgs property of the electrolyte

layer (number of samples = 3).
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3.3.4 Effect of co-sintering temperature on the et#rical conductivity

Apart from the structural characteristics discusseave, electrical conductivity of the
anode is critically important to minimise the ohrtosses in the cell. In this study, the
conductivity measurement of the anode which isnglsilayer Ni-CGO hollow fibre
prepared under same conditions as those of thelalel hollow fibres was carried
out using four-probe DC technique at room tempeeatlihe conductivity obtained is
mainly from the contribution of Ni phase in the draas the CGO has no electronic
conductivity at room temperature. Figure 3stws the potential difference across
the anode as a function of current. As expectedal curves were obtained in W

plot, which indicate®hmic behaviour of the anode
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Figure 3.15 Current-voltage behaviour of the reduced anodglesilayer hollow
fibre that sintered at different temperatures. easurement was carried out at room

temperature by passing varying controlled curréh350, 0.075 and 0.100 A).
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The resistance calculated from the slope of thealirturves of theV plots were then
used to determine the conductivity value accordmghe Eq. (3.4). Thelectrical
conductivity of the anode hollow fibres against satering temperature is plotted in
Figure 3.16. As can be seen, the electrical comdtyctncreases when the sintering
temperature increases from 1450 to 15%D With the increase of sintering
temperature, the connection between NiO partidlessaengthened, forming a more
continuous Ni phase after reduction which contebtat the increase in the electrical
conductivity of the anodf7, 9, 35]. This result also suggests that thedarayer has
almost achieved its ideal sintering temperaturel%00 °C asthere is only small

difference between the conductivity values at 1%D@nd 1550C.
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Figure 3.16 Electrical conductivity of the reduced anode &rgyer hollow fibres
as a function of sintering temperature. The measen¢ was carried out at room

temperature using 4-point DC technique.
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In addition, the conductivity values obtained insthwvork are much higher than
previous studies, for example, the conductivityNfYSZ hollow fibre consisted
sandwich-like structure with 50 wt.% Ni content wes 1700 $m™ [9] while the
conductivity of Ni-YSZ hollow fibre with asymmetristructure is ca. 772@&n™ [7].
This is because of more sponge-like structure sitbrter and less finger-like voids
and more uniform Ni distribution in the anode lagéthe dual-layer hollow fibres are
developed in this study. Another reason for thenéigconductivity in this study is
that the hollow fibre samples are directly connédte the set-up without using any
base [9] or paste connection [7]. This contributea lower resistance and as a result,

increases the measured values of the conductivity.

Based on the discussion above on the effects dfintering temperature on the
properties of dual-layer hollow fibre, a temperatat 1500°C was chosen to co-sinter
the hollow fibre for the construction of a complatero-tubular SOFC, which will be

discussed in the following section.

3.3.5 Electrochemical performances

A multi-layer cathode consisting of two layers @CF-CGO mixture and one layer
of pure LSCF was brush-painted onto the electratytdace of HF4 co-sintered at
1500°C. The morphology of the sintered cathode layer eleserved using SEM and
the image is shown in Figure 3.17. As can be sdlea, obtained cathode of
approximately 40m is porous and uniform which greatly facilitates gransport and

oxidant reduction reaction in the cathode. The ad¢hlayer is also in good contact
with the electrolyte surface of the dual-layer twallfibres. Furthermore, although the

cathode is made of three layers, no obvious boiggldretween the layers can be
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observed, indicating a very low resistance for tifamsfer of electrons and oxygen

ions.

Electrolyte

10 pm

Figure 3.17 SEM image of cathode layer prepared using brashtipg technique
and sintered at 1208 for 5 h. The images were taken using secondagtreh

imaging (SEI) mode.

The electrochemical performance of the full celthnvactive cell length of 10 mm,
inner diameter of 0.80 mm and outer diameter o# 1dm was investigated at
different temperatures (550-60Q) using hydrogen gas of 15 ¢min™ (saturated
with water vapour of 0.35 chmin® at 20°C, 1 atm) at the anode (lumen side) and air
(40 cn? min™ at 20°C, 1 atm) at the cathode side (outer surface).rBigul8 shows
the cell voltage and power density curves as atiomof the current density. The
open-circuit voltage (OCV) decreases with the iasee of the cell operating
temperature, which shows the values of ca. 0.9A,&nd 0.93 V at 55%C, 570°C

and 600°C respectively.
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Figure 3.18 Voltages and power densities as functions ofesurdensity of the cell
HF4 co-sintered at 150. The cell operated at temperature range of 55DEFC
using hydrogen flow rate of 15 émin™ (20°C, 1 atm) and air flow rate of 40 ém

min® (20°C, 1 atm).

This can be explained by the increase of electramunductivity in the CGO
electrolyte with the increase of temperature [3@)jch causes more electrons in the
anode transport through the electrolyte to the amhand results in a minor short
circuiting to the cell. Due to the same reason,@@V values that were obtained in
this study are also slightly lower than the Nenwitage,Vy that calculated from the

equation below:
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- Pu,+/ P
Vy = DG, +ﬂ|n H N o, (3.5)
2F  2F Prio

where DG; is the Gibbs energy at the operational temperatfares the Faraday
constantR is the gas constant, is the cell temperature ang, , p, and p, , are

the partial pressures of hydrogen, oxygen and steaspectively. Based on the
assumptions that the cell operates at 1 atm welubl stream consists of 97.7 mol%
H, + 2.3 mol% HO and air stream contains 21 mol%, Ghe Vy at operating

temperature of 608C is approximately 1.16 V.

As also shown in Figure 3.18, the cell HF4 produbesmaximum power densities of
0.34 W cm?, 0.47Wecm* and 0.68Wcnf at 550 °C, 570°C and 600 °C,
respectively. However, the maximum power densitytil about 70% lower than
reported for the 10m electrolyte cells with similar operating temperas [5, 37-39],
largely due to the thicker electrolyte layer of t&dl that is developed in this work of
about 80 m. Hence, further optimisation on the electrolytyer thickness is
expected would reduce potential losses and incrpaseer densities of the cell

significantly.

Figure 3.19 shows the impedance spectra for tHeH&al at the temperatures 520,
570°C and 600°C under open-circuit condition. The high frequeintigrcept on the
real impedance axis corresponds to the ohmic greaific resistance (ASR) of the
cell (ionic and electronic resistances of the etdgte and the electrodes of the cell
and some contact resistance associated with ine=xf@0]), while the low frequency
intercept represents the total ASR of the cell.réfuee, the difference between the
high frequency and low frequency intercepts on teal axis is taken as

approximating to the electrode polarisation ASRicllgenerates from the resistances
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of the gas diffusion and the gas conversion, uel bxidation and oxygen reduction
[40]. As expected, the ohmic ASR decreases withojherating temperature due to
increase in the conductivities of the anode, ettt and cathode materials. The
same trend is shown for the electrode polarisa#i8R and this can be attributed to
the increase in the kinetics of the fuel oxidatem oxidant reduction reactions in the

anode and cathode respectively with the rise dfoparating temperature.
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Figure 3.12 Impedance analysis of the cell HF4 co-sintered500°C measured
under open-circuit condition at temperature ranfess0 to 600°C using signal
amplitude of 10 mV at frequencies of 100 kHz tol0Hr and hydrogen flow rate of

15 cn?® min™ (20°C, 1 atm) and air flow rate of 40 &min™ (20°C, 1 atm).
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3.4  Conclusions

Defect-free CGO/NIiO-CGO dual-layer hollow fibresepursors have successfully
been prepared by phase inversion-based co-extrisabmique. The chosen hollow
fibres precursors were then co-sintered at a teayper range of 1450-155C before

a reduction process at 580 using hydrogen in order to form to CGO/Ni-CGO ldua
layer hollow fibres. The dual-layer hollow fibreave the anode inner layer consisting
of an asymmetric structure with short finger-likeids originating from the inner fibre
surface and the electrolyte outer layer which hdgrese structure. The experimental
results obtained from the analyses conducted itelithat as the co-sintering
temperature is increased, the mechanical strerggB;tightness property of the
electrolyte and electrical conductivity of the aaaaf the dual-layer hollow fibres are
improved. On the contrary, it is found that the npeability of the anode layer
decreases with the rise of the co-sintering tentperaBased on these results, the co-
sintering temperature of 150 is the recommended temperature to co-sinter the
dual-layer hollow fibres and the micro-tubular @MBC is developed using the hollow
fibre co-sintered at this temperature. The fuel oélthe corresponding dual-layer
hollow fibre produces maximum power densities d880W cm? at temperature
600 °C and this is indeed shows the potential eéxdousion/co-sintering technique in
producing the support for SOFC. However, optim@atf the structure of the dual-
layer hollow fibres is required to improve the pemhance of the micro-tubular

SOFCs.
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CHAPTER 4

Electrolyte Thickness Control and Its Effect on Eletrolyte/Anode

Dual-Layer Hollow Fibres for Micro-Tubular Solid Ox ide Fuel Cells

Abstract

As an effective effort in improving the performanckelectrolyte/anode dual-layer
hollow fibres for micro-tubular solid oxide fuel lL¢SOFC), high quality dual-layer
hollow fibres with controllable electrolyte laydritkness have been developed in this
work by adjusting the fabrication parameters oingle-step co-extrusion/co-sintering
process. Uniform and defect-free outer electrolgtger from 70 to 10vm can be
achieved when the extrusion rate is reduced from 6.5 cni min™. Although the
bending strength and the gas-tightness propertiesreduced slightly with the
decrease in electrolyte layer thickness, a sigaifiamprovement in power output of
the cell is achieved. Power density as high as Widm? is obtained from the cell

with the electrolyte layer of 16m in thickness which is 114 % higher than the one

with an electrolyte layer of 6&8m.

4.1 Introduction

The micro-tubular solid oxide fuel cell (SOFC) haseived considerable attention in
recent years due to the advantages of this deshymreduction in the size of SOFC
leads to an increase in the volumetric power degrasitthe power density scales with

the reciprocal of the tube diameter [1]. Therefae2 mm diameter micro-tubular
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SOFC could provide ten times of more power perkstaalume than a 20 mm
diameter counterpart. Another order of magnituderadase could be achieved by
further reducing of the tube size to 0.2 mm diambté this is difficult because the
connections are then more challenging and probiert@aapply. The most significant
issue in micro-tubular SOFC is the efficiency o tturrent collector connection into
the lumen of a small tube. Apart from enhancing @oautput of the fuel cell, high
thermal shock resistance is also one of the majoartages of the micro-tubular
design. The large-diameter tubular SOFC are pronerdcking if they are rapidly
heated, whereas the micro-tubular SOFC does nok @aen when heated in blow
torch to their operating of about 880 in as fast as 5 seconds [1]. Hence, this is a

marked advantage in applications where start-up teritical.

In general, the development in the fabrication psscof the micro-tubular SOFC
support is critically important to ensure the swscef the cell. To date, two
techniques have been commonly used in fabricatipgpat of micro-tubular SOFC,
which are plastic mass ram extrusion [2,3] andjdtywet extrusion [4,5]. The first
technigue generally involves a direct extrusioncefamic paste through a die, in
which macrostructure of the obtained micro-tubwdapport is symmetric and does
not directly affected by the extrusion processdntrast, the latter technique involves
extrusion of a ceramic-based suspension contaipwigmer binder dissolved in
solvent through a spinneret, passing through agagrand finally into a non-solvent
external coagulation bath. Simultaneously, anoth@n-solvent internal coagulant
flows through the lumen of the micro-tubular sugpprecursor and the contact
between internal coagulant and ceramic suspensitiates the formation of some

kinds of structures (i.e. sponge-like and fingkelvoids structures).
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In the previous chapter, the development of ddiee-cerium-gadolinium oxide
(CGO) electrolyte/nickel (Ni)-CGO anode dual-layelow fibres for micro-tubular
SOFCs via a more advanced dry-jet wet extrusiohnigcie, i.e. a single-step co-
extrusion, and followed by co-sintering and easgluotion processes has been
discussed. Benefiting from the advantages of tlabri¢ation technique, great
adhesion between the anode and the electrolyteslayees achieved without any crack
formation during the co-sintering. The develope@ldayer hollow fibres with the
outer diameter of ca. 140fm and inner diameter of 80fin consisted of a fully gas-
tight electrolyte outer layer (CGO) of ca. 8t supported on an asymmetric anode
inner layer (Ni-CGO) of approximately 22@m. After deposition of a multi-layers
cathode and applying current collectors on both @hede and cathode, a micro-
tubular SOFC with the maximum power densities 8460.68 Wem at 550-600°C
was obtained. These values are still lower tharsghof micro-tubular SOFCs
prepared by the conventional ram extrusion ancesing technique [2,6,7,8], which
was attributed to several factors and one of them melatively thick CGO electrolyte
layer (around 80 um) as the thickness of the albt& could affect the ohmic

properties of the cells.

Therefore, the main objective of the work thatdparted in this chapter is to reduce
the thickness of the electrolyte layer and aftedyao investigate the effect of the
electrolyte thickness on the electrochemical pemtorce of micro-tubular SOFCs. In
the meantime, a series of characterisations onowolfibre properties such as
macrostructure, mechanical strength and gas-tighthave been carried out in order
to further understand the effect of the electrotyiiekness towards the quality of the

obtained dual-layer hollow fibres.

111



Chapter 4 Electrolyte Thieks Control and Its Effect on Electrolyte/AnodaElLayer
Hollow Fibres for Micro-Tubular Solid Oxide Fuel (e

4.2  Materials and Experimental methods

4.2.1 Materials

Commercially available cerium-gadolinium oxide {@&d ;0,95 or CGO, surface
area 35 g, dso 0.32 pm) and nickel oxide (NiO, surface area®mdsy0.55 pum)
were purchased from NexTech Materials Ltd. (Ohio) they were used as supplied.
Polyethersulfone (PESf) (Radel A-300, Ameco Perforoe, USA), dimethyl
sulfoxide (DMSO) (Sigma-Aldrich), and polyethylemgzpl 30-
dipolyhydroxystearate (Arlacel P135, Unigema) wered as a polymer binder,
solvent and dispersant, respectively. Tap waterdeobnized water were used as the
external and internal coagulants correspondingnthanum strontium cobalt ferrite,
Lag.6Shh.4Cop Fe 03 (LSCF) (NexTech Materials Ltd., Ohio) and ethylegigcol

(99+%, Acros Organic) were used as the materialsdthode slurry.

4.2.2 Preparation of dual-layer hollow fibres with different electrolyte
thicknesses

The procedure of preparing the dual-layer hollowrds in this study has been
described in detail in Chapter 3. For this batchfibfes, the spinning suspension
mixtures were milled with 20 mm agate milling bdis 48 hoursnstead of mixing

using paddle stirrer as for the previous batch ibfes. The use of ball milling
technique is more advantageous due to the betpedion of the ceramic particles
and also better seal of the suspension contaimergdthe mixing, which results to the
negligible contamination or evaporation of the solv The compositions of the
spinning suspensions for fabrication of the dugktahollow fibres are given in Table

4.1.
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Table 4.1 Compositions of the spinning suspension for dagdr hollow fibres with

different electrolyte thicknesses.

Layer Composition (wt.%) Viscosity at

NiO CGO PESf Arlacel P135 DMSO 50 s’ (cP)

Anode 42.00 28.00 7.00 0.12 22.88 31,400

Electrolyte - 60.00 6.00 0.12 33.88 3,930

The suspensions were degassed at room temperatdee stirring and then loaded
into two stainless steel syringes. They were siam@ously co-extruded by a syringe
pump (PHD 2000 Programmable, HARVARD APPARATUStigh a triple-orifice
spinneret into a tap water coagulation bath withioézed water as the internal
coagulant. The co-extrusion conditions are sumredris Table 4.2, in which the
samples are named according to the extrusion ratdeoelectrolyte outer layer.
Details about the design of the spinneret can badan Chapter 3. The hollow fibre
precursors were then co-sintered by heating iatal'500°C for 12 hours in a tubular
furnace (TSH17/75/450, ELITE). The co-sintered dager CGO/NiO-CGO hollow
fibers were reduced to CGO/Ni-CGO dual-layer hollfilves at 550°C using pure

hydrogen for 2.5 hours (MTF 12/25/250, CARBOLITE).
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Table 4.2 Co-extrusion conditions of dual-layer hollow fisr with different

electrolyte thicknesses.

Sample Air Internal Inner layer Outer layer Electrolyte
gap coagulant extrusion rate  extrusion rate thickness
(cm) flow rate (cm®* min™) (cm®*min™) (nm)
(cm® min™)

R-0.5 0.5 10
R-1 1 19
R-2 2 35

20 10 7
R-3 3 53
R-4 4 65
R-5 5 70

4.2.3 Characterisations of dual-layer hollow fibreswith different electrolyte
thicknesses

Physica UDS-200 rheometer was used to measuresitigoof the suspension at
20 °C, prior to the co-extrusion process. The molgdy of the reduced hollow fibres
was examined using a JEOL JSM-5610 scanning efectiicroscope (SEM). The
hollow fibres were snapped in order to obtain clgass-sectional fracture and then
placed on a metal holder and sputtered by gold watium. High resolution images
of the cross-section of the hollow fibres were tak¢ different magnifications using

backscattered electrons (BSE) mode.

Three-point bending test using an Instron Model&btehsile tester with a load cell of
1 kN was employed to examine the mechanical stheoighollow fibres. The bending
strength Bg) is calculated using the following equation [9]:

5 - BNLD,

=_ ~— —70 4.1
p(D," - D) @4
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whereN is the measured load at which fracture occurred I(ND,, D; are the length,

the outer diameter and the inner diameter of tHewdibres (m), respectively.

Gas-tightness of the electrolyte layer of the hwellbbres was studied at room
temperature using a nitrog€N,) permeation method described elsewhere [Tk
pressure change of the permeation system was meditoy a pressure transducer.

The gas permeability is calculated based on thagehaf cylinder pressure with time:

— VC In Po - Pa
RT XAt P, - P

4.2)

whereP is the permeability of the test membrane (mdék*Pal); V¢ is the volume of
the test cylinder (f); R is the gas constant (8.314ndI* K™); T is the measured
temperature (K)p, and p; are the initial and final measured pressures intés
cylinder (Pa)pa is the atmospheric pressure (PaYm?) is the hollow fibre area that
isA=[ (Do- D)L}/In(Dy/D;), whereD, andD; are respectively the outer and the inner
diameter of théhollow fibre (m); L is the length of théollow fibre (m); andt is the

time for measurement (s).

The procedures of preparing the cathode layer amel fcell reactor for
electrochemical performance are similar to the oteg have been described in
Chapter 3. A multi-layers cathode (i.e. 2 layere 8BCF-CGO and 1 layer LSCF) was
deposited on the electrolyte of the dual-layer dwllfibres by brush painting
technique and sintered at 128D for 5 hours to form a 10 mm length cathode. After
applying current collectors, the resultant micrbttiar SOFC was fixed in a gas-tight
alumina tube (Multilab Ceramics, UK) using a cerasealing paste (Aremco, USA).
The complete cell reactor was inserted in the eewmtr a tube furnace (MTF
12/25/250, CARBOLITE). The current collectors alted to the anode and the

cathode were connected to a potentiostat/galvandgtatolal® PGSTAT 30,
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Netherlands) for measuring the current-voltage quarnces of the micro-tubular
SOFCs at 606C, with 15 cni min® of hydrogen (saturated with water vapour of 0.35
cm® min? using a bubbling cylinder at 2€, 1 atm) and air of 40 chmin (20°C, 1
atm) were flowed through the anode and cathodeeotisgly in a counter-flow
arrangement. A current step of approximately 1.tosd was used. The AC
impedance spectra were measured on the same elemtnwal workstation (0.01 Hz-

100 kHz) with signal amplitude of 10 mV under opreuit conditions at 606C.

4.3 Results and Discussion

4.3.1 Macrostructure

Figure 4.1 shows the SEM images of the electrayiede dual-layer hollow fibres
with different electrolyte thicknesses co-sintea@éd 500°C for 12 hours followed by
a reduction at 558C for 2.5 hours. As the co-extrusion parametersHerinner layer
were kept the same as reported in Chapter 3, theéeastructure of the hollow fibres
is similar and is composed of short finger-likedsoriginating from the inner surface

with the rest of the anode occupied by a spongedtkucture.
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Figure 4.1 SEM images of the overall view of the reduced|dayger hollow fibres
consisting of different electrolyte thicknesses.eTimages were taken using

backscattered electrons (BSE) mode.

The formation of this kind of asymmetric structimas been explained in details by
Kingsbury and Li [11] and in the Chapter 3. Eacpetyf structures (i.e. finger-like
voids and sponge-like structures) has their owrct$f on the anode characteristics.

As an example, finger-like voids in anode is bed#\to have a strong effect on the
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permeation of fuel as longer finger-like voids allgas diffusion much easier through
the anode. However, the presence of such macraveitkss advantageous in terms
of both mechanical strength and electrical condiigtiof the anode. Based on this
understanding, it is thus crucial to control thevgth of the finger-like voids in the
anode support and in this study, the relative kengft the finger-like voids was

controlled to be around 35 % of the overall anddeknhess.

Variation in outer electrolyte thickness of the diager hollow fibres is achieved by
simply adjusting the corresponding extrusion ratghout affecting the structure of
the anode inner layer. Viscosity of the spinningpansion for the outer layer should
not be too high in order to ensure a smooth flowthef suspension and a full and
uniform coverage especially when the extrusion iatevery low. Therefore, the

ceramic loading was reduced from 64 wt.% in thevipres batch of fibre (fibre HF4

as shown in Chapter 3) to 60 wt.% in this workaaseffort to reduce the viscosity of
the suspension. As shown in Figure 4.2, dual-ldyaliow fibres with different

electrolyte thicknesses were successfully produgbdn the extrusion rate of the
outer layer was varied from 0.5 to 5%min™. The fibre R-5 that extruded from 5 tm
min™ produced the thickest electrolyte layer while thimnest electrolyte generated

for the R-0.5 prepared from 0.5 €min™ of extrusion rate.
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Figure 4.2 SEM images of the cross-sectional view of thaiced dual-layer hollow
fibres consisting of different electrolyte thickses.The images were taken using

backscattered electrons (BSE) mode.

Figure 4.3 presents the higher magnification imaijebe dual-layer hollow fibres R-
0.5, R-1, R-2, R-3, R-4 and R-5 in order to furthéghlight the difference in the
electrolyte thickness. This figure shows that ladl six batches of hollow fibres have

good adhesion between the inner and outer layerallagf them are free from
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delamination problems. Furthermore, the electrolyteer layer has very uniform
thickness on the anode inner layer and covers tiideAtength of hollow fibre surface
and thus, shows another advantage of co-extrusi@ndeposition technique of a thin

layer on the hollow fibre support.

1 Electrolyte I Electrolyte

ATRR T Z289m =1 1 Ko 2R 18,496 BEC

Electrolyte Electrolyte

Electrolyte

Electrolyte

HEaE - v Z8kw 19, 46 BEC

Figure 4.3 Close-up SEM images of the electrolyte of theuosdl dual-layer hollow
fibres consisting of different electrolyte thickses. The images were taken using

backscattered electrons (BSE) mode.
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The difference in the porosity between these twers can also be observed in this
figure as the anode is relatively porous due taicgdn of the NiO to Ni while the
electrolyte layer achieves a very dense structbree to the discernible difference
between the inner and outer layers as shown in figige, the thickness of the
electrolyte layer was measured using these imafaile 4.2 lists the measured
thickness of electrolyte of fabricated samples.nirthis table, it shows that the
extrusion rate significantly affects the thicknesshe outer layer as the thickness of
the electrolyte outer layer varies from 10 to 70 wimen the extrusion rate was
controlled from 0.5 to 5 chmin™. It is also displayed that the electrolyte layief mbt
fully cover the anode when the extrusion rate veaget than 0.5 crmin™. From
these results, it proves that the co-extrusion ssiitable technique in producing thin
and uniform electrolyte layer, comparable with otlm®nventional and complex

depositing techniques such as dip-coating and atemapour deposition (CVD).

4.3.2 Mechanical and gas-tightness properties

The mechanical property of the dual-layer hollowrds with different electrolyte

thicknesses together with the anode single-laydiowofibre was investigated by

three-point bending test, as shown in Figure 4 gl eRpected, the dual-layer hollow
fibre with the thinnest electrolyte layer (10 pnr -0.5)shows the lowest bending
strength of about 143 MPa, which is still about @0higher than the single-layer
hollow fibre. Whilst, the bending strength of dlayer hollow fibres gradually

increases to 146, 151, 157, 163 and 166 MPa wehirtbrease of thickness of the
electrolyte outer layer from 19 pm (R-1), 35 um4ZR53 um (R-3), 65 um (R-4) and
70 um (R-5), respectively. This can be explainedth®y difference in the porosity

between anode and electrolyte of the hollow fibhesorder to obtain high efficiency
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of anode layer, a 60 wt.% of NiO was used and aéduction process, it was then
turned into a mechanically weak Ni network dueh® interconnected pores structure
in the anode layer. The deposition of a thickersdeelectrolyte layer on the anode

support and thus, improves the mechanical streofgiine hollow fibre.
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Figure 4.4 Bending strength of the reduced dual-layer hollidsves measured at

room temperature as a function of electrolyte theds (number of samples = 5).

In order to investigate the effect of the electt®lyhickness on the gas-tightness
property of the developed dual-layer hollow fibres, gas-tightness test was
performed. As can be seen in Figure 4.5, the retnqgermeability of the hollow fibre
consisting of 10 pum electrolyte (R-1) is 11.7 1ol m? s' Pa’. This value

decreases to 6.6 x 1amol m? s' Pa' for the fibre consisting of 19 um electrolyte
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(R-1) and is further reduced to 4.5x*®9x 10, 2.1 x10 and 1.1 x 18
mol m? s’ Pa' when the electrolyte thickness is increased tuB6(R-2), 53 pm
(R-3), 65 um (R-4) and 70 um (R-5), respectivellisTindicates that the thicker the
dense layer, the better the gas-tightness propartyhe electrolyte is. Without
electrolyte outer layer, the permeability of theeagen gas through the hollow fibre is
1081 x 10 mol m? s* Pa', which is more than two-orders of magnitude highen

the permeability of the fibre R-0.5 with the thishelectrolyte layer.

1.0E-05 3

1.0E-06 7%

1.0E-07 3

Permeability (mol m -2s-1 Pal)

1.0E-08 1

1.0E'09 T T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70

Electrolyte Thickness (um)

Figure 4.5 Gas permeability of the reduced dual-layer hollitoves measured at
room temperature as a function of electrolyte théds, with the initial pressure of 40
psig. This graph is used to describe the gas-tagstiproperty of the electrolyte layer

(number of samples = 3).
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Although fibre R-0.5 shows the lowest mechanicadrgith and gas-tightness property
among the reported dual-layer hollow fibres, thecebchemical measurement was
carried out using the fuel cell that was preparedhfthis fibre as it is anticipated that
thinner electrolyte has lower resistance. The &liRel, R-2 and R-4 were also tested
in order to study the effect of electrolyte thickeeon the electrochemical

performance.

4.3.3 Electrochemical performances

Figure 4.6 (a) shows cell voltages and power dess#s a function of current density
for the single cell of micro-tubular SOFC that waepared from R-0.5, R-1, R-2 and
R-4, with 15 cmi min® of hydrogen (saturated with water vapour of 0.88 min® at
20 °C, 1 atm) flowing through the anode and 4G enin® (20 °C, 1 atm) of air
flowing to the cathode. The operation temperatuss set at 608C because the CGO
electrolyte has very favourable ionic conductivdtytemperatures as low as 6D
[12] yet, higher temperature would cause severeatezh in CGO which lead to high
electronic conductivity [13]. It is also shown iregious finding in Chapter 3 that the
power output of the cell operated at 6@ was significantly higher than the cell at
550 or 570°C. The measured open-circuit voltage (OCV) showsnarease from
0.77 V to 0.93 V with the increase in the electtelthickness of the dual-layer hollow
fibres from 10 pum to 65 um. As the thicker electtelshows better gas-tightness
property (as shown in Figure 4.5), it reduces tbsspbility for the fuel or oxidant to
transport towards the opposite electrode and sesulhigher OCV. The low OCV
value of the fibre R-0.5 is not only due to the gightness issue, but also probably

because of the minor electronic current leakagesacthe electronic conductive path
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in the CGO electrolyte [6], resulting from the redan of Cé" to C€* at the

reducing atmosphere.

The maximum power densities achieved are 0.52 W,d62 W cnf, 0.77 W cnf
and 1.11 W crf for the cells R-4, R-2, R-1 and R-0.5 respectiveliich increases
with the decrease in the electrolyte layer thicknda the thinner electrolyte, the
travelling distance of the oxygen ion from the cath side through the electrolyte to
the anode side could be shorten and thus, redoeeashtnic resistance of the cell (will
be discussed further using impedance data in thewMog paragraph). In order to
observe a precise relationship between the maxinpawer density and the
electrolyte thickness, the maximum power densitgach cell was normalised with
their electrolyte thickness and the result is shawigure 4.6 (b). From this figure, it
can be seen that the electrolyte thickness-norealmaximum power density rise
exponentially with the decrease of electrolyte khiess. One of the possible reasons
to explain this trend is, the reduction of elegttelthickness not only reduces the
ohmic resistance, but also enhances the rate aktwtions in both electrodes due to
the more effective oxygen ion transfer from thehode to the anode. These results
justify the need of reducing the electrolyte thieka due to the significant impact on
the performance of the cell. In comparison withvjres studies, the maximum power
density obtained for cell R-0.5, i.e. 1.11 W Tris the best performances among those
cells that were fabricated using the dry-jet wetrwesion [14-19] which again can be
attributed to the reduction in the electrolyte kmess. However, this value is still
lower than the ones produced by conventional ratrugion method with similar
electrolyte thickness (10 pm) which were reportethé 1.29 Wem at 600°C [6,20]
and 1.31 Wem? at 550°C [21,22]. The difference can be explained by thpedance

data shown below.
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Figure 4.6 (a) Effect of electrolyte thickness on the voltages poder densities of

the cells.The cell operated at temperature of 8@0using hydrogen flow rate of 15

cm® min® (20°C, 1 atm) and air flow rate of 40 émin® (20 °C, 1 atm);(b) The

electrolyte thickness-normalised maximum power dgrd the cells as a function of

electrolyte thickness.
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Figure 4.7 (a) shows impedance data for the célmioro-tubular SOFCs at 600 °C
which is used to investigate the effect of elegtlthickness on the ohmic area
specific resistance (ASR). The high frequency tgpt on the real impedance axis
represents the value of ohmic ASR in the cell whielgenerated from the ionic
resistance in the electrolyte layer, both ioniccetaic resistances in the electrodes
and the contact resistant from the interfaces amdewt collectors [23]. From this
figure, it can be seen that ohmic ASR of the calisreduced with the decrease in the
electrolyte thickness of the cells. By assumingheaell has the same ohmic
resistances in their electrodes, interfaces andecurcollectors due to the similar
material compositions, structures and fabricatemhhiques, it indicates that the ionic
resistance in the electrolyte layer is decreasgdifsiantly by the reduction in the
electrolyte thickness. This is also one of the megasons for the higher power output

of thinner electrolyte layer that shown in Figuté &).

In order to prove that the major cause of the diffiee in the ohmic ASR in this work
is the electrolyte thickness, the ohmic ASR of eael was normalised with the
electrolyte thickness and the trend is shown iruFegd.7 (b). From this graph, it is
shown that the electrolyte thickness-normalised iohWSR of each cells is still in a
close range, with the average value of 0.0034400(86 cn? pm’. This also

indicates that the ohmic ASR is almost directly gmional to the electrolyte

thickness for the cells consisting of similar matrocture.
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Figure 4.7: (a) Effect of electrolyte thickness on impedaspectra of cells measured
under open-circuit conditiomt temperature range of 550 to 68D using signal
amplitude of 10 mV at frequencies of 100 kHz tol0Hr and hydrogen flow rate of
15 cn? min® (20°C, 1 atm) and air flow rate of 40 émin™ (20°C, 1 atm). (b)The
electrolyte thickness-normalised ohmic ASR foé cells as a function of electrolyte

thickness.
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The impedance data of the highest maximum powesigecell, R-0.5, is compared
with the previously reported cells [6,20,21,22]ttlansisting of similar electrolyte
thickness (10 pm). As can be seen in Table 4.3plmic ASR of R-0.5 is smaller
than that of Suzuki's and Sammes'’s cells. Such l@kenic ASR can be attributed to
the higher temperature that was used in this workimter both dual-layer hollow
fibre precursor (1506C) and cathode layer (126Q) which would affects the grain
size and the porosity of each layer. The biggemgseze of particles (CGO, Ni, and
LSCF) as well as a denser structure would resubeiter overall conductivity of the

electrolyte and electrodes layers [24,25].

Table 4.3 Comparison of the impedance data.

Cell Power density Ohmic ASR Electrode pol. ASR
(W cm™) ( cmd) ( cmd)
R-0.5 1.11 at 606C 0.032 at 606C 0.12 at 600C
Suzuki [6,20] 1.29 at 60TC ~0.07 at 600C  No information available
Sammes [21,22] 1.31 at580 0.09 at 550C 0.09 at 550C

Apart from the ohmic ASR, the electrode polarisatASR has also been compared
with the previously reported cells. The electrodéapsation ASR of R-0.5, which is
obtained from the difference between the high feaqy and low frequency intercepts
on the real axis in Figure 4.7, is approximatel§20. cnf. This value is slightly
higher than that of Sammes’s cell operated at ®5(21,22] and thus explains the
difference in the power density results. It is &edid that the less effective porosity in
the anode layer of hollow fibres fabricated in thlisdy due to relatively short finger-

like voids structure (~35 %) and small void entese is one of the major reasons
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for lower power density of R-0.5 cell. Therefone tihe following Chapter 5 and 6, the
improvement on the anode porosity by controlling #tmode asymmetric structure

will be discussed in detail.

4.4  Conclusions

A series of dual-layer hollow fibres with differeatectrolyte thicknesses have been
developed by varying the extrusion rate of the olager during the co-extrusion
process, followed by co-sintering and simple reducprocesses. With the decrease
in the extrusion rate from 5 émin™ to 0.5 cnimin®, the electrolyte thickness is
reduced from 70im to 10mm. This proves the advantages of co-extrusion fgalen

in producing thin and uniform electrolyte layer. Bgducing the thickness of the
electrolyte, the bending strength and gas-tightoéske dual-layer hollow fibres are
reduced, indicating that both properties strongly 1on the dense electrolyte layer.
Due to the very low ohmic resistance, the cell vifitd thinnest electrolyte layer (i.e.
10 mm) shows the highest performance among those tteltswere fabricated using
the dry-jet wet extrusion in the previous studiBlse maximum power density of this
cell reaches up to 1.11 Wn2. However, further optimisation on the anode padyosi
of the dual-layer hollow fibre has to be carried muboost up the performance of the

micro-tubular SOFCs.
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CHAPTER 5

Morphological Studies of the Ni-CGO Anode Hollow Hores for

Micro-Tubular Solid Oxide Fuel Cells

Abstract

In this work, Ni-CGO anodes hollow fibre with cooited asymmetric structures, i.e.
adjustable ratios between thickness of the outengg-like and the inner finger-like
layers, have been developed for micro-tubular soidie fuel cells (SOFCs) using a
combined dry-jet wet extrusion/sintering technigielowed by a post-reduction
process. The control over the asymmetric strudsiechieved by employing ethanol
as a non-solvent to adjust the initial propertiéghe spinning suspensions which
affects the phase inversion process and resulés Saries of asymmetric structures,
from very thin sponge-like layer supported on cdasably thicker finger-like layer (0
wt.% ethanol) to the one consisting of nearly d $plonge-like structure (35 wt.%
ethanol). The properties of the anode hollow fiare markedly affected by such
changes in asymmetric structures. As an exampteexiperimental results show that
the mechanical strength and electrical conductiaity increased up to 241 MPa and
11,246 $m™ respectively, but exhibit high resistance for thel transport for a full

sponge-like structure of the fibres prepared wihwa.% of ethanol.
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5.1 Introduction

Solid oxide fuel cells (SOFCs) are regarded as ainthe most promising energy
generation technologies due to their high energwersion efficiency. In SOFCs,
oxygen ions diffuse through thin ceramic electreligyer and react with hydrogen to
produce electricity, forming water as the only prod Other sources such as natural
gas, diesel, biogas, and ethanol can also be usedfael of SOFCs. The typical
operating temperatures of SOFC are between 800ntC1800 °C which induces
significant degradation by a variety of thermalbtigated processes and thus, greatly
limit the choice of materials. Such disadvantagagehinitiated the development of
intermediate temperature SOFCs (IT-SOFCs) opewtimver temperatures between

500-700°C, usingarium-gadolinium oxiddCGO) as the electrolyte [1].

The development of the micro-tubular SOFC has beconportant in recent years
mainly due to a number of advantages of this systeom as high specific surface
area and rapid thermal cycling. The micro-tubul®@FE& unit can be fabricated in
different configurations, e.g. electrolyte, cathalenode-supported. In micro anode-
supported cell, a relative thinner electrolyte épdsited onto a thicker pre-fabricated
anode tube support. Nickel (Ni) is the materialt tbemmonly used in an anode
because of its high electronic conductivity, go@dabytic activity and low cost. In

order to minimise the thermal expansion coeffici@C) difference between anode
and electrolyte and also to improve the ionic catidity property and triple-phase

boundary (TPB) region in the anode, it is a stathdaractice to mix Ni with

electrolyte material for example CGO, which theutemt mixture referred as a

cermet.
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The concentration limit for the cermet at whichréhevill still be a sufficient Ni to
form a continuous electronically conducting pathgenerally accepted to be around
40-60 wt.% Ni [2,3]. This amount is also enoughtfoe adsorption of a large quantity
of hydrogen during the oxidation reaction at thed Due to the advantages of Ni as
mentioned above, the Ni-based anode is one of th& prominent candidates to be
used as the supporting layer in micro-tubular SOH&sthermore, in comparison
with the electrolyte-supported configuration, ansdgported SOFC design is more
suitable for operation at lower temperatures [4hgjcause smaller ohmic losses and
better interface contact can be realised espeaidign composite electrodes are used

to increase the density of TPB [6,7].

Generally, the anode tube support for micro-tub&@Cs is fabricated by plastic
mass ram extrusion [8-12] and dry-jet wet extrus[@B-16]. In ram extrusion
process, a symmetric structure anode with low ptyrds always obtained and thus,
the pore former (for example poly methyl methadeyleeads) is used to increase the
electrode porosity [9,11-12]. In contrast, by usithg dry-jet wet extrusion, the
macrostructure of the micro-tubular SOFC support loa well controlled by simply
adjusting the fabrication parameters. This techmigquolves the extrusion of ceramic
suspension through a tube-in-orifice spinnerelpfeéd by a process of solvent and
non-solvent exchange to induce a phase inversiothe@fpolymer binder in the
suspension [17], resulting in the formation of alldw fibre with certain

macrostructures.

In ceramic systems fabricated using dry-jet wetruesion technique, two
macrostructures have so far been observed whiclirager-like voids and sponge-

like structure. According to Kingsbury and Li [119inger-like voids are formed

135



Chapter 5 Morphological Studies of the Ni-CGO Aaddbllow Fibres
for Micro-Tubular Solid Oxide Fuel Cells

when the suspension is in contact with non-solvantthis stage, the solvent/non-
solvent exchange takes place resulting in a rapodease in the local suspension
viscosity and instant precipitation of the polynmrase (binder). However, due to
instabilities at the interface between the suspenand the non-solvent, there is a
tendency for viscous fingering to occur, initiatitige formation of finger-like voids.
Above a critical suspension viscosity, this phenoomeis not observed and a sponge-

like membrane structure is formed.

The finger-like voids and sponge-like region arg¢hbmnportant to anode support.
Finger-like voids may provide a route with lessisesice for transportation of the
fuel gas and the products, while the sponge-likectire provides a large number of
triple-phase boundaries (TPB) for the electrochamreactions [19] and likewise
gives the major mechanical strength to the holldwet. However, the presence of
excess finger-like voids would probably affect dounity of the electronically

conducting path of Ni metal and consequently redbeeverall performance.

Concerning the significance of these two structur@sthe hollow fibre anode
performance, the objective of this work is therefoto study the effect of
macrostructure on the characteristics of the an&jevarying ethanol as a non-
solvent additive from 0 wt.% to 35 wt.% to manigelahe spinning suspension
viscosity and phase inversion rate, diverse holfitare morphologies are obtained.
The macrostructure of these anode hollow fibresewgtudied using scanning electron
microscopy and mercury porosimetry analysis andotioperties of the hollow fibres
were characterised using gas permeation test, r@-fm@nding test and electrical

conductivity measurements.
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5.2 Materials and Experimental Methods

5.2.1 Materials

Commercially available cerium-gadolinium oxide {@&d, ;0,95 or CGO, surface
area 35mg!, ds; 0.32 m) and nickel oxide (NiO, surface area 3gl, dso
0.55 m) were purchased from NexTech Materials Ltd. (Qliad they were used as
supplied. Polyethersulfone (PESf) (Radel A-300, Amd’erformance, USA), N-
methyl-2-pyrrolidone (NMP)HPLC grade, Rathbojeethanol (VWR Prolabo) and
polyethyleneglycol 30-dipolyhydroxystearate (ArlaP&35, Unigema) were used as a
polymer binder, solvent, non-solvent and dispersaspectively. Tap water and de-

ionized water were used as the external and inteo@gulants correspondingly.

5.2.2 Preparation of anode hollow fibres with diffeent structures

In the preparation of the different macrostructusésanode hollow fibresArlacel
P135, used as a dispersant, was dissolved in Nkkhel solutions prior to the
addition of NiO and CGO. These mixtures were milledth 20 mm agate milling
balls for 48 hoursThe milling was further carried out for another A@&ursafter the
addition of PESTf in ordeto obtain a homogeneous spinning suspension. Tiad etk
compositions of these suspensions are listed ineTald, in which the samples are
named according to the concentrations of etharail rgplace NMP as the solvent in

the spinning suspension.
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Table 5.1: Suspension composition for anode hollow fibres wlifferent structures.

Fibre Composition (wt.%) NMP - Ethanol

NiO CGO PESf Arlacel P135 NMP + Ethanol Composition (wt.%)

A-0 100-0
A-5 95-5

A-10 90 - 10
A-15 42.00 28.00 7.00 0.12 22.88 85— 15
A-20 80 — 20
A-25 75 - 25
A-30 70 - 30
A-35 65 — 35

Prior to the extrusionhe suspension was degasseth stirring under vacuunmat
room temperatureintil no bubbles were observabl€he spinning suspension was
then transferred into a stainless steel syringeveaslextruded (at flow rate of 6 ¢m
min) by a syringe pump (PHD 2000 Programmable, HARVARBPARATUS)
through a tube-in-orifice spinneret (outer diame&td& mm, inner diameter 1.2 mm)
into anexternal coagulation bath containitep water with an air-gap of 30 cie-
ionized water was used as the internal coagulaatfliw rate of 14 crhimin™. The
formed hollow fibre precursor was left in the exrtr coagulation bath overnight,

allowing for the completion of phase inversion @ss.

The fibre precursors were then dried, cut into ptednined length and calcined in
static air (TSH17/75/450, ELITE) to yield NiO-CGQollow fibres. During the
sintering, the temperature was increased from rsanperature to 40%C at a rate of
2 °Cmin and held for 1 hour, then to 860 at a rate of 2C min™ and held for 2
hours and finally to 1456C at a rate of 3C min™ and held for 6 hours. The final

sintering temperature was chosen in this study usscat had been proven high
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enough to guarantee the hollow fibres with suffitienechanical strength [8]. The

temperature was then reduced to room temperatareaaé of Cmin™.

Finally, the calcined NiO-CGO hollow fibre was regd to Ni-CGO hollow fibre in a
ceramic tubular reactor using pure hydrogen gas fbe was inserted into a
horizontal furnace (MTF 12/25/250, CARBOLITE). Amof 30 cmimin™ (20°C, 1
atm) was used to expel the air until the reactmperature reaches 550, following
which the argon flow was replaced by pure hydrogeR0 cnimin™ (20°C, 1 atm).
After 2.5 hours of reduction, the flow of hydrogesas switched to argon until the
temperature was reduced to room temperature. Tagngeand cooling rates were

kept at Cmin™.

5.2.3 Characterisations of anode hollow fibres witllifferent structures

The viscosity of the suspension was measured mguinysica UDS-200 rheometer
using concentric cylinder geometry at 20 °C priorthe extrusion process. The
morphology of the precursor and the reduced holfilnes was examined using a
JEOL JSM-5610 scanning electron microscope (SEM)e hollow fibres were
shapped in order to obtain clear cross-sectiomaltdre. These hollow fibre samples
were then placed on a metal holder and sputteredyddy under vacuum. High
resolution images of the cross-section of the holfdores were taken at different
magnifications using secondary electron imagingl($&ode. Mercury porosimeter
(Micromeritics, AutoPore 1V, 9500) combined with dometrics software (version
1.09) was used for estimating the pore size digiob and overall porosity of the Ni-

CGO anode hollow fibres.
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The pure gas permeability of the hollow fibres waslied at room temperature using
a gas permeation method described elsewhere f20]}the test, the hollow fibre was
glued and sealed into a stainless steel sampleshaolsing epoxy resin (UKR-135
resin with UKH-136 hardener; UK Epoxy Resins, Laitee, UK). It was then
assembled into a cylinder with a volume capacit@d cni. Nitrogen (\) was used
as a testing gas.h€ gas flow rate across the hollow fibre was messusing bubble
flow meter. The feed gas was supplied at the bate sf hollow fibre while the
permeate gas was collected at the shell side aintbstule. The gas permeability was
determined from the following equation [20]:

_ QIn(D, /D)
 pL(D,-D,)LP

(5.1)

whereP, Q, Do, Di, L and P are the gas permeability of nitrogenolm?s*Pat), the
total gas permeation rate (n&), the inner and outer diameter of the hollow fibre
(m), the hollow fibre length (m) and the pressurerence across the membrane
(Pa), respectively. The permeability that was otgtdifor these hollow fibres can be
used to indicate the trend of gas flow through Hwdlow fibres with different

macrostructures.

The mechanical strength of hollow fibres was exaaiby three-point bending test
using an Instron Model 5544 tensile tester provideith a load cell of 1 kN. The
hollow fibres were fixed on the sample holder watlBO mm distance. The bending
strength Bg) is calculated using the following equation [20]:

5 - SNLD,

=_ ~ ~7o 52
p(D," - D) 52

whereN is the measured load at which fracture occurréd I(ND,, D; are the length,

the outer diameter and the inner diameter of tHewdibres (m), respectively.
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The electrical conductivities of the hollow fibregre measured using the four-probe
direct-current (DC) technique at room temperataee 25°C) as described in detail in
Chapter 3. The hollow fibre samples were directiyreected to the set-up without
using a base anthe potential differences across the anode holltne$ of 20 mm
length were measured by passing varying contratledents (50, 75 and 100 mA).
Linear fits to the generated current-voltage datrewused to determine fibre
resistance from which the bulk conductivity of tieode §, Scm™) was estimated

using the equation below:

(5.3)

wherer, is the anode resistance)(L is the fibre length (cm) amnélis the hollow

fibre area for current flow (cfh

53 Results and Discussion

5.3.1 Macrostructure

As the objective of this study is to investigate #ffect of hollow fibre morphology
on the anode performance, the anode hollow fibigs warious morphologies have to
be prepared and this was achieved by varying titi@lisuspension viscosity. In this
study, ethanol was used as a non-solvent additiveorder to manipulate the
suspension viscosity. Ethanol was chosen becawsa iaict as a good dispersant for
the mixture of NiO-CGO and as a result, the digparof Ni and CGO in the
prepared hollow fibre would be more uniform and towrous. Controlling the
viscosity by other means, such as by varying thie @ solvent/polymer/ceramic

oxide or by the introduction of additives such asypinylpyrrolidone (PVP), may
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affect the membrane properties [18]. The additibatbanol to spinning suspensions,
measured as a percentage of the total solvent mprdauses significant changes in

viscosity as shown in Figure 5.1.

Viscosity at 50 s ™ (cP)

O T T T T T T

0 5 10 15 20 25 30 35
Content of ethanol in spinning suspension (wt.%)

Figure 5.1 Viscosity of spinning suspensions as a functiébrethhanol content in
spinning suspension (as a percentage of the tdtdt-Rthanol content). The data was

collected at room temperature at shear rate of'50 s

The suspension viscosity value of 19,800 cP at.@wif ethanol slightly decreases to
approximately 18,800 cP when 5 wt.% of ethanolddeal. Although ethanol is a
poorer solvent than NMP for PESH, it is a bettelvent” for the CGO and NiO and
probably also has a more favourable interactiorh hie dispersant on the particle
surface. Therefore, this effect dominates at lonaetl concentration and causes the
viscosity decreases at 5 wt.% ethanol. However,thes ethanol concentration

increases to 10 wt.%, the poor interaction with RS dominates and the viscosity
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starts to increase to 21,400 cP and this valueduihcreases to 22100 cP and 22900
cP at 15 wt.% and 20 wt.% ethanol content respelgtivihe further addition of
ethanol results in large viscosity increase to 33,4P, 35,200 cP and 39,100 cP at 25

wt.%, 30 wt.% and 35 wt.%, respectively.

Figure 5.2 shows NiO-CGO hollow fibre precursorspared using the suspensions
with ethanol content of 0, 5, 10, 15, 20, 25, 3d 8B wt.%. As can be seen, hollow
fibres with 0 wt.% ethanol consists of an asymmestructure of long finger-like
voids originating from the inner fibre surface avctupying up to 85 % of the fibre
thickness with the remaining fibre region occupieg a sponge-like layer. The
morphology of fibre A-5 resulting from a 5 wt.% ethanol content has the same
asymmetric structure as in fibre A-O, with a redliéength of the finger-like voids
that originates from the inner fibre surfaces t@wb70 % of fibre cross-section.
Although the initial viscosity for 5 wt.% ethandal slightly lower than that of 0 wt.%,
the presence of ethanol as a non-solvent resulésfaster precipitation of the fibre
when in contact with the internal coagulant; as ploéymer phase is closer to its
precipitation point and subsequently, increaseddt@ viscosity of the nascent fibre.
This faster polymer precipitation would reduce tscous fingering effect and
resulting in shorter finger-like voids length. Tredative lengths of finger-like layers
are further reduced to approximately 60 %, 55 % %M@ when the ethanol content
is increased to 10 wt.%, 15 wt.% and 20 wt.% rethpelg as shown in SEM images
of A-10, A-15 and A-20. At these points, the etHaaddition has two combined
effects to the spinning suspension; firstly inchegghe initial suspension viscosity
prior phase inversion and secondly acceleratingrdle of viscosity increase during
the phase inversion. Therefore, these combinedtsfieould cause the formation of a

large sponge-like structure.
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Figure 5.2 SEM images of the cross-sectional view of the HIGO hollow fibre
precursors prepared with different ethanol contemtsee images were taken using

secondary electron imaging (SEI) mode.
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As shown in the image for fibre A-25, the fingeddilayer is abruptly reduced to
about 30 % when the ethanol content reaches 25 ,wh%agreement with the
significant increase of viscosity shown in Figuré&.5Addition of 30 wt.% ethanol for
fibre A-30 which has slightly higher suspensiorcesity results in a further reduction
in relative finger-like void length to approximate20 % of the cross-section. The
formation of finger-like voids is totally inhibited/hen the suspension dope for fibre
A-35 contains 35 wt.% ethanol and this suggeststhigacontact between suspension
and non-solvent (coagulant, i.e. water) duringghase inversion process achieves its

stable point at suspension viscosity around 39E0ard above.

The hollow fibres were then sintered and reducedrder to form Ni-CGO anode
hollow fibre. The overall view and the cross-seatibimages of these hollow fibres
are shown in Figure 5.3 A-0(i) to A-35(i) and AiD(io A-35(ii) respectively. It can
be observed that the general cross-sectional stescbf the hollow fibres are largely
retained after sintering and reduction processeserev all of them still have
distinguished morphologies as described above. Jiggests that the sintering and
reduction processes do not cause any nwjangesn fibre macrostructuredlthough
the densification of hollow fibres occurs in simtgr process and this would reduce
the porosity, the removal of oxygen atoms from Ni® hydrogen during the
reduction process allows the structure of the ftbree more porous especially in the
sponge-like region, as can be seen in Figure 5®iiA-to A-35(iil). These SEM
images also indicate that the sponge-like struabfitbe fibres shows similar level of

porosity regardless of the ethanol content in thersng suspensions.
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Figure 5.3 SEM images of the (i) Overall view, (ii) Crosszenal view and (iii) the
sponge-like structure region of the reduced Ni-C&1©de hollow fibres. The images

were taken using secondary electron imaging (SiBen
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5.3.2 Pore size distribution and porosity

The investigation on the macrostructure of thedwelfibres is further demonstrated
by a comparison of the mercury intrusion data asvshin Figure 5.4. According to
the data obtainedthree types of pores have been recognised, whieh(iarthe
entrances pores of finger-like voids, (ii) the Eoseirvive the sintering in the sponge-
like region and (iii) the one formed as a resultied reduction of NiO to NifFor the
fibores A-0, the data shows a pore size distributmonsisting of a peak at
approximately 1.31m, which represents the pores at the inner fibriase that form
the entrances to the finger-like voids. A smalleralp at 0.35 m is believed
representing the sponge-like pores and a broad peak range of 0.04-0.06n
represents the pores from the reduction of NiOth&sethanol content in the spinning
suspension is increased, the peak of finger-likepat 1.31 m shifts to 1.05 and
0.84 m for fibres A-5 and A-10 respectively, indicatitigat the entrance of the

finger-like voids become smaller [18].
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Figure 5.4 Pore size distributions for the reduced anodéotofibres consisting of
various asymmetric structures together with unredubollow fibre, measured by

mercury porosimeter at absolute pressure of 1.88 ®a to 2.28 x 10Pa.

The intensity of the peak at 0.84n is reduced more than half and the peak at 0.35
m appears more significant for fibres A-15 and A-2Be peak at 0.84m is totally
absent for A-25 and A-30 and this can be attributethe suspension viscosity trend

shown in Figure 5.1. As there is a huge increadbarviscosity after the addition of
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25 wt.% ethanol in the spinning suspension, theous fingering phenomenon is
almost inhibited during the phase inversion, reésglin the formation of a tiny finger-
like voids structure that are not started from itmeer surface of the fibres [18]. By
observing the Figure 5.3 A-25(ii) and A-30(ii),c&an be noticed that there is very thin
sponge-like pores structure in the region betwienriner surface and the entrance of
the finger-like voids and it is expected that thee ©f finger-like voids entrance sizes
is reduced to the similar sizes of the one in spdikg layer. Therefore, it is believed
that the peak at 0.35m for fibres A-25 and A-30 does not only repregbertsponge-
like pores but also the entrances pores for filigervoids. As expected, only two
major peaks appear for A-35, at 0.3 and 0.03 m, which each represent the
sponge-like pores and the pores from the reduafoNiO respectively. Figure 5.4
also shows that the unreduced fibres have relgtileeh intensity peaks for the
entrance pore of finger-like voids and sponge-pkees as can be seen in the trend of
unreduced A-10 and A-30. It indicates that the moze for the sponge-like structure
and finger-like voids structure increase after ugdmg the reduction process. This
also confirms that the reduction process markeuttyeases the porosity of the fibres

although the fibres are sintered at relatively Higfnperature.

Figure 5.5 shows the porosity of the hollow fibessa function of ethanol content in
spinning suspension, which was also measured us&rgury porosimetry analysis.
Besides the sponge-like pores and the NiO redustipores, the porosity value
obtained is mainly from the contribution of fingéee voids. As expected, the
porosity decreases with the increase of ethandkeobdmm spinning suspension and the
highest porosity is 56 % for fibre A-O fabricatedrh 0 wt.% ethanol. The porosity
value decreases to 47 %, 44 %, 39 % and 37 %Woedifrom 5, 10, 15 and 20 wt.%

ethanol respectively. A further decrease in thgdidike voids length for fibres A-25
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and A-30 of ethanol content 25 and 30 wt.% corredpwly, affects the porosity of
these two fibres as their porosities are below tB@r?o. The finger-like voids-free
structure of A-35 caused this fibre to possesddivest porosity of 19 %. This trend
Is in good agreement with SEM images that are shaviaigure 5.3. The anode needs
to be porous and permeable to gasses but an exygréagé level of porosity often

drastically decreases the cell performance [4].
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Figure 5.5 Porosity of the reduced anode hollow fibres &snation ethanol content
in spinning suspension, measured by mercury poedsinat absolute pressure of 1.38

x 10° Pa to 2.28 x 10Pa.
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5.3.3 Gas permeation and mechanical properties

Apart from porosity data, nitrogen gas permeati@asurement is also important in
this study in order to determine the effect of anatfucture on the gas diffusion
behaviour. Nitrogen permeation data from fibres 286A-35 is shown in Figure 5.6
and it demonstrates the progressive gas resistamoethe sponge-like region of the

fibre as the nitrogen permeability decreases vhth ihcrease of sponge-like region

thickness.
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Figure 5.6 Gas permeability of the reduced anode singlerldngdlow fibres as a
function of inlet pressure. The trend of the perpilég of the anode fibres consisting

of various asymmetric structures was compared.
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The fibre A-O with the thinnest sponge-like struetwegion has the highest nitrogen
permeability, followed by A-5, A-10, A-15 and A-2f comparison, the permeability
values of fibres A-25, A-30 and A-35 are relativelyall. Although the sponge-like
region contains micropores, some of the pores eael-@nd or closed pores which do
not actually contribute to the gas permeation. Tdwe gas permeation would cause
shortage in fuel supply at TPB region and as altesicreasing the concentration
polarisation in the anode. In addition, this resldo suggests that the permeability of
the nitrogen is also affected by the entrance pmre of the finger-like voids. By
correlating to the results that were obtained iguFé 5.4, the dramatic drops in the
permeability between A-5 and A-10 and also betwAe2D and A-25 are believed
due to the decrease in the entrance pore sizeediryer-like voids. The effect of the
gas pressure on the nitrogen permeability is alnsosilar for every fibre as the
permeability is increased with the increase oftiplessure at up to about 4.5 x° 10

Pa.

The result of three-point bending test, which ieduo measure the bending strength
of the various hollow fibres with different morplgies, is shown in Figure 5.7. As
the ethanol content in the suspension is incresetiich the finger-like voids length
decreases, the bending strength increases. TheshAelvs the lowest strength
compared with the other fibres and the highesngtreis exhibited by A-35 which is
free of the finger-like voids. This indicates ththe finger-like voids are likely to
diminish mechanical strength of the fibre by redgcihe integrity of the sponge-like
structure region. Previous study on the anode Wwoflbre with similar size and Ni
content [14] showed that the average values of ihgretrength were about 130 MPa
and the micro-tubular SOFCs were successfully coatsd using these hollow fibre

supports [16]. This suggests that the fibres whigbe the bending strength more than
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130 MPa, in this study are referred to the fibtest &are prepared using 10 wt.% of
ethanol or more, are certainly suitable to be seagea support for the construction of

micro-tubular SOFC.
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Figure 5.7: Bending strength of the reduced anode hollowebmeasured at room

temperature as a function of ethanol content (nurabsamples = 5).

5.3.4 Electrical conductivity

In general, anode should possess good electromductivity in order to provide

sufficient pathway medium for electron transpon. this study, the electronic
conductivity value was obtained from four-probe BChnique at room temperature

and the overall conductivity of the hollow fibres actually contributed by the Ni
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phase in the hollow fibres as the CGO has no e@leictrconductivity at room

temperature.

Figure 5.8shows theelectronic conductivity of the anode hollow fibragainst the
ethanol content in the spinning suspension. AslEmiseen, the conductivity of the
hollow fibres is dependent on the macrostructurehef fibres as the conductivity

increases with the increase of ethanol conterttarspinning suspension.
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Figure 5.8 Electrical conductivity of the reduced anode &Hgyer hollow fibres as
a function of ethanol content in spinning suspamsithe measurement was carried

out at room temperature using 4-point DC technique.
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This can be explained by observing the conductatt pf electron in the hollow fibre
as illustrated in Figure 5.9 where the anode holfdwes with thinner finger-like

voids structure have shorter and easier condugiadh than that of the hollow fibres
with the thicker one. Therefore, the fibres thanhgists thicker finger-like voids
structure results in lower electrical conductiwtglue. As also shown in this figure,
the data obtained in this study is much higher th@&nconductivities of anode hollow
fibres that were recorded in previous studies whiehe 772 m™ [14] and 1700 S

cm’ [15]. Apart from higher sintering temperature theds used in this study, the
high conductivity is majorly due to the direct cection between the hollow fibre and
the set-up without using any paste connection fit4jase [15], which contributes to

lower resistance and as a result, increases thsumezhvalues of the conductivity.
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Figure 5.9 lllustration of the electron conduction in the-GIGO anode layer hollow fibres. It describes that ¢conduction pathway of
electrons is shorter and easier for the fibresisting of short or without finger-like voids struce than the fibres consisting of longer

finger-like voids.
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5.4. Conclusions

Eight different macrostructures of Ni-CGO anode Idwl fibres have been
successfully prepared by varying the content chmbhas non-solvent in the spinning
suspension from 0 to 35 wt.% and these suspensierss then extruded using phase
inversion and followed by sintering and reductiongesses. The addition of ethanol
in the spinning suspension causes a large changdgeiviscosity as the viscosity
started to increase when 10 wt.% of ethanol is @dBeom the morphologies of the
obtained hollow fibres, it can be observed thatdtimnol suppresses the formation of
finger-like voids in hollow fibres and the length this structure is reduced as the
ethanol content is increased. Three types of pavbgh are (i) finger-like voids, (ii)
the pores survive the sintering in the sponge4ldgion and (iii) the one formed as a
result of the reduction of NiO to Nnave been observed in the prepared hollow fibres.
The other noticeable observation on the morphotogk the hollow fibre is the
porosity of the fibres decreases with the reductibthe finger-like voids length. In
studying the effect of macrostructure on the armeléormance, it can be seen that the
fibres with longer finger-like voids length havegher gas permeation compared to
those shorter ones. However, it is observed thatfitiger-like voids are likely to
diminish mechanical strength of the fibre by redgcihe integrity of the sponge-like
structure and also affect the electronically cotidigcpath of Ni metal in the hollow
fibres. Therefore, it can be concluded that thesgmee of finger-like voids structure
in the hollow fibre strongly affects the mechanistitength, gas permeation and
electrical conductivity of the anode and consedyenbuld significantly affect the

overall performance of the fuel cell.
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CHAPTER 6

Dual-Layer Hollow Fibres with Different Anode Structures for

Micro-Tubular Solid Oxide Fuel Cells

Abstract

In this work, a high performance micro-tubular dadixide fuel cell (SOFC) has been
developed by depositing a multi-layer cathode acatoimproved electrolyte/anode
dual-layer hollow fibre fabricated via a singlegsteco-extrusion/co-sintering
technique. The use of 0-20 wt.% of ethanol in theer layer spinning suspension
allows the control over the asymmetric structuretted Ni-CGO anode layer, i.e.
finger-like voids structure covering about 50-850%the anode layer with the rest
occupied by sponge-like structure and at the same affects the morphology of the
CGO electrolyte layer. The presence of finger-Maeds significantly facilitates the
fuel gas diffusion inside the anode and as a resiudt maximum power density
increases from 1.84 W?to 2.32 Wem? when the finger-like voids is increased from
50% to 70% of the asymmetric anode layer. Howeftether growth of finger-like
voids (i.e. 85% of the anode layer) dramaticallguse the conductivity and number
of triple-phase boundary (TPB) region per unit are¢he anode as well as the gas-
tightness property of the electrolyte, which conssdly decreases the maximum
power density to 0.99V cm®. Based on the results obtained, therefore, dyakla
hollow fibres with 50-70 % of finger-like voids iithe anode layer can be considered

as the ideal structure for producing high perforogamicro-tubular SOFCs.
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6.1 Introduction

The development of anode-supported micro-tubuléid suxide fuel cells (SOFCs)
using nickel (Ni) as the anode catalyst has receimere and more attention recently
due to a number of advantages of this configurasanh as the relatively high
electrical conductivity, good catalytic activitycdtow material cost. Suzulet al.[1]
reported in 2006 about the successful fabricatiba ti-cerium gadolinium oxide
(CGO) anode-supported micro-cell with the cell deen of 0.8 mm by using a
conventional plastic mass ram extrusion/sinterghhique. This cell generated the
maximum power density of over 0.30 W émat 550 °C. As an important effort to
promote gas diffusion in the anode, Suzakial. improved the anode structure by
introducing pore former, i.gaolymethylmethacrylate beads (PMMf®,3]. Using the
same fabrication process and materials, the maximonver density obtained by this
cell was substantially increased to 1.02 W?cand 1.29 W cri at 550 °C and 600
°C, respectively. Another recent work conducted lamBeset al [4,5], which
fabricated anode support using similar ram extrusuith bigger cell diameter (1.8

mm), also achieved outstanding power output, i1 W cm? at 550°C.

As one of the first several groups employing dty-yeet extrusion technique
fabricating anode support of micro-tubular SOFCngyat al. [6] obtained the
maximum power density of 0.38 W dmat 800 °C using Ni-yttrium stabilised
zirconia (YSZ) cermet as the anode material with rigsultant cell diameter of about
1.7 mm. Moreover, Yangt al. [7] demonstrated the advantages of impregnatieg th
electrode catalyst into the porous anode and cathwdrixes formed during the phase
inversion process. This improvement considerablyreéased the maximum power

density to 0.78 W crh at 800°C.
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Another significant development in fabricating aeesipported micro-tubular SOFC
has been achieved in Professor Kang Li's laboratatyere a more advanced and
accurately controlled dry-jet wet extrusion teclusgi.e. co-extrusion process, is
employed. By using this technique and followed hysmtering and reduction
processes, a cerium-gadolinium oxide (CGO) elegiatickel (Ni)-CGO anode
dual-layer hollow fibre has been developed in @lshstep, as described in detail in
Chapter 3. This hollow fibre can be distinguishgddn electrolyte outer layer of
approximately 80 um which was supported by an asgtmmanode inner layer with
the finger-like voids occupied about 35 % of thedethickness. The resultant micro-
tubular cell which also consisted of a multi-lagathode on the dual-layer hollow
fibres produced the maximum power density of 0.68M¢ at 600°C. Further effort
to reduce the thickness of the defect-free elegiobuter layer to as thin a Ifin
resulted in an increase of the maximum power output.11 Wcm? at 600°C as
shown in Chapter 4. Although this result has protedpotential of dual-layer hollow
fibre as a support for micro-tubular SOFC, the gabf powder density was still
slightly lower than the Suzuki’'s [2,3] and Sammdg'$] cells with a highly porous

anode and a comparable electrolyte thickness.

As reported in Chapter 5, the finger-like voidsusture that formed during the phase
inversion process would increase the porosity agdifcantly enhances the gas
diffusion in the anode. Therefore, a further opsation on the anode porosity of the
dual-layer hollow fibres for micro-tubular solid ide fuel cells (SOFCs) has been
carried out in this study. By varying the ethanohtent in the inner layer spinning
suspension from 0 to 20 wt.%, a series of dualrléngdlow fibres containing finger-

like voids structure that occupy approximately 598 of the nickel (Ni)-CGO anode

thickness was successfully fabricated. The thraetgmending test, gas permeation

162



Chapter 6 Dual-Layer Hollow Fibres with DiffereAnode Structures
for Micro-Tubular Solid Oxide Fuel Cells

test and electrochemical measurements have beeloydpo investigate the effect
of finger-like voids thickness on the mechanicatsgjth, gas-tightness property and

single cell performance of the dual-layer hollotrés, respectively.

6.2  Materials and Experimental Methods

6.2.1 Materials

Commercially available cerium-gadolinium oxide (@8dy 10195 or CGO, surface
area 35mMg', dsp 0.32 m) and nickel oxide (NiO, surface area 5gni, dso
0.55 m) were purchased from NexTech Materials Ltd. ahdytwere used as
supplied. Polyethersulfone (PESf) (Radel A-300, AmePerformance), ethanol
(VWR Prolabo) and polyethyleneglycol 30-dipolyhyxlystearate (Arlacel P135,
Unigema) were used as a polymer binder, non-solaadtdispersant, respectively.
Both N-methyl-2-pyrrolidone (NMP) (HPLC grade, Riatme) and dimethyl
sulfoxide (DMSO, Sigma—Aldrich) were used as thivesats and tap water and de-
lonized water were used as the external and irtecpagulants, respectively.
Lanthanum strontium cobalt ferrite, d.651 4C o JFey s03 (LSCF) (NexTech Materials
Ltd., Ohio) and ethylene glycol (99+%, Acros Orgamwere used as the materials for

cathode slurry.

6.2.2 Preparation of dual-layer hollow fibres withdifferent anode structures

The procedure of preparing the dual-layer holldwds has been described in detail in
Chapter 3 and 4 by using ball milling techniquegogparing the spinning suspension.
In order to achieve dual-layer hollow fibres witliferent anode structures, the non-

solvent i.e. ethanol was added into the spinnirgpension of the inner layer and the
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ratio of non-solvent/solvent was varied accordingthe composition that used to
prepare anode single-layer hollow fibres as repontethe Chapter 5. The detailed
compositions of the spinning suspensions for faling the dual-layer hollow fibres
with different anode structures in this study astetl in Table 6.1, in which the
samples are named according to the ethanol coietthe inner layer (anode)
spinning suspension. As can also be seen in the, @ifferent solvents were used for
inner and outer layer spinning suspensions, in WwiNe1P was for the inner and

DMSO for the outer layer.

The prepared suspensions were degassed at roonertgarp under stirring and
loaded into two stainless steel syringes. They weea simultaneously co-extruded
by a syringe pump (PHD 2000 Programmable, HARVARBPARATUS) through a
triple-orifice spinneret (the extrusion rates of thner layer and the outer layer were
6 and 0.8 crimin™, respectively) into a tap water coagulation baitthn @0 cm air-gap
length. De-ionized water was used as an internafj@@ant with flow rate of 14 cin
min™. The hollow fibre precursors were then co-sintdsgcheating in air at 150%C
for 12 hours in a tubular furnace (TSH17/75/450|TH). The co-sintered CGO/NiO-
CGO dual-layer hollow fibres were reduced to CGGOBO dual-layer hollow fibres

at 550°C using pure hydrogen for 2.5 hours.
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Table 6.1: Compositions of the spinning suspension for dagét hollow fibres with different anode structures.

9 Jaydey)d

GqoT

Layer Fibre Composition (wt.%) NMP - Ethanol Viscosity
Composition (cP)
NiO CGO  PESf Arlacel P135 NMP +Ethanol  DMSO (WL.9%)
E-O 100-0 19,800
E-5 95-5 18,800
Inner E-10 42.00 28.00 7.00 0.12 22.88 - 90-10 21,400
E-15 85-15 22,100
E-20 80-20 22,900
E-0
E-5
Outer E-10 - 60.00 6.00 0.12 - 33.88 - 3,930
E-15
E-20
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6.2.3 Characterisations of dual-layer hollow fibre with different anode
structures

A JEOL JSM-5610 scanning electron microscope (SkEM3$ used to examine the

morphology of the reduced hollow fibres. The hollblare samples were placed on a

metal holder and sputtered by gold under vacuunghHesolution images of the

cross-section of the hollow fibres were taken dtedent magnifications using

backscattered electrons (BSE) and secondary eteictraging (SEI) modes.

Three-point bending test (Instron Model 5544) wasied out using a load cell of 1
kN to investigate the bending strength of the hwllbbres using the following
equation to calculate the bending stren@¥ (8]:

8NLD
BF = 4—04 (61)
p(D, - D)
whereN is the measured load at which fracture occurréd I(ND,, D; are the length,

the outer diameter and the inner diameter of tHiewdibres (m), respectively.

A nitrogen(N,) gas-tightness tesgthich has been described elsewhere [9] was used to
determine the integrity of the outer electrolytgelaof the hollow fibres at room
temperatureThe change of pressure in the system over a cgy&aiod of time was
monitored by a pressure transducer. The gas peiiiead calculated based on the

cylinder pressure change using the following equmati

VC In Po - Pa

= (6.2)
RT %At P, - P,

whereP is the permeability of the test membrane (més*Pa'); /¢ is the volume of
the test cylinder (f); R is the gas constant (8.314ndI* K™); T is the measured
temperature (K)p, and p; are the initial and final measured pressures intése¢

cylinder (Pa);p. is the atmospheric pressure (PaYm?) is the hollow fibre area that
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isA=][ (Do- Di)L)In(DyD;), whereD, andD; are respectively the outer and the inner
diameter of théhollow fibre (m); L is the length of th&ollow fibre (m); andt is the

time for measurement (s).

Prior to the electrochemical performance measuréman multi-layer cathode
consisting of two layers of LSCF-CGO (50 wt.%-50%i followed by an additional
layer of 100 % LSCF was coated onto the hollowefbrelectrolyte surface by brush
painting technique and sintered at 12@for 5 hours. Both ends of the resultant
micro-tubular SOFC were fixed into gas-tight aluentnbes (Multilab Ceramics, UK)
using a ceramic sealing paste (Aremco, USA) wittiezu collectors connected to the
anode and the cathode. Another alumina tube was tosstrengthen the design for
practical operations which the photograpic imagehef reactor design is shown in
Figure 3.6 in Chapter 3. The complete reactor waerted in the centre of a tube
furnace (MTF 12/25/250, CARBOLITE). The electrocheash performance of the
cells was measured using a potentiostat/galvanogiatolal” PGSTAT 30,
Netherlands) at 608C with 15-30 crimin® of hydrogen gas (saturated with water
vapour of 0.35-0.70 cfmin® using a bubbling cylinder at 2, 1 atm) anode and a
40 cn? min® (20°C, 1 atm) were flowed through the anode and cathesieectively

in a counter-flow arrangement. A current step giragimately 1.1 second was used.
The AC impedance spectra were measured on the sktteochemical workstation
(0.01 Hz-100 kHz) with signal amplitude of 10 mVdan open-circuit conditions at

600°C.

6.3 Results and Discussion
In one of the previous works reported in Chaptea 4rade-off between the power

output and the open-circuit voltage (OCV) of thdlscevas observed when the
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thickness of the electrolyte layer was reduced tcedain level by using the co-
extrusion/co-sintering technique. As can be sedfigare 6.1 for example, there is a
big difference in the maximum power outputs betwtencell R-0.5 consisting of a
10 mm electrolyte layer (outer layer extrusion ratedddcm® min™) and the cell R-1
consisting of a 19vm electrolyte layer (outer layer extrusion ratelddcm® min™).
The first cell produced 1.1% cm® while the latter one only achieved 0.77dW?
However, the OCV obtained for the cell R-0.5 waly@n77V and was enhanced to
0.85V when the thickness of the electrolyte was inceda® 19mm for the cell R-1.
In order to achieve a new batch of cells that Hagl values in both OCV and power
output, the dual-layer hollow fibres with the etetyte thickness between 10 and 19
nm were fabricated in this study by employing théeouayer extrusion rate of 0.8

cm® min'.
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Figure 6.1 j-V and power density curves of previous batch duadfldnollow fibre
cells consisting of 10 um electrolyte (R-0.5) aredpdm electrolyte (R-1), which the
detail shown in Chapter 4. The cells operated atparature of 600°C using
hydrogen flow rate of 15 cirmin™ (20°C, 1 atm) and air flow rate of 40 émin™

(20°C, 1 atm).

6.3.1 Macrostructure

In order to control the size of the finger-like @siin the anode layer, certain amounts
of ethanol (0 to 20 wt. %) as a non-solvent wergleged to replace NMP and are
listed in Table 6.1. In this work, NMP is used a$vent of the inner layer spinning
suspension instead of DMSO (as in batches of fipreduced in Chapter 3 and 4).

Due to the high freezing point of DMSO (i.e. 18%)°the mixing of this solvent with
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ethanol would result in a partial solidification &MSO and thus, reduces the

potential of DMSO as a dissolving agent for theypwdr binder.

Figure 6.2 shows the macrostructure of the dualdyllow fibres co-sintered at
1500°C for 12 hours and reduced at 5%Dfor 2.5 hours. As can be seen, the anode
inner layer is of an asymmetric structure consistiha finger-like voids layer and a
sponge-like layer and the finger-like voids layecbmes shorter with the increasing
amount of ethanol. Dual-layer hollow fibre withathanol in the spinning suspension
(E-0) shows the longest finger-like voids occupyiagout 85 % of the anode
thickness. The addition of 5 wt.% ethanol confittes growth of finger-like voids to
around 70 % of the anode layer thickness. The fiige voids length is further
reduced to approximately 60 %, 55 % and 50 % whih further increase of the

ethanol content to 10 wt.%, 15 wt.% and 20 wt.%veesively as shown in Figure 6.2.
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Figure 6.2 SEM images of the (i) overall view and (ii) cresectional of the dual-
layer hollow fibres consisting of different anodeustures. The images were taken

using backscattered electrons (BSE) mode.
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Such change in morphology is in good agreemertt auir previous study shown in
Chapter 5 and it can be explained as; firstly,atidition of ethanol as the non-solvent
would increase the initial viscosity of a spinnisgspension as shown in Table 6.1,
and secondly, the presence of ethanol would a@teléhe precipitation of polymer
binder during the phase inversion process becdesedlymer phase is closer to its
precipitation point and subsequently, increaseldhal viscosity of the nascent fibre.
The viscous fingering [10], which is consideredtas main phenomenon for the
formation of the finger-like voids in the ceramiollow fibres, has been limited by

these two effects and as a result, inhibits thevtir@f finger-like voids in the fibres.

The outer electrolyte layer, as can be seen inr€igL2, is well-bounded to the inner
layer although different solvents were used foipprang the spinning suspensions of
the two layers. The electrolyte layer of approxiehatl5 mm in thickness can be
achieved when the extrusion rate of 0.8enin’ is used as shown in Figure 6.3.
Moreover, although finger-like voids are observedhe electrolyte layer of fibre E-0,
they are nearly eliminated in the E-5 and are lypt@moved in the fibre E-10. As
every type of hollow fibres was fabricated using same procedure except for the
amount of ethanol in the inner anode layer suspansthe variation in the
morphology of the outer electrolyte layer shouldthe result of the presence of
ethanol that changes the process of phase inversamfibre E-0, the diffusion of
NMP into the outer layer where DMSO was the sohaamtributes to the decrease in
the freezing point of DMSO and slowing down thegg#ation of polymer binder.
This results in a low viscosity of the outer lageispension when it is in contact with
the external coagulation and allows the viscougediimg phenomenon to occur,

leading to the formation of finger-like voids iretelectrolyte outer layer.
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Figure 6.3 Close-up SEM images of the interface electrofytefle of the dual-layer
hollow fibres. This figure shows the various elebtte structures were obtained when
different ethanol contents were used. The image® waken using backscattered

electrons (BSE) mode.
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The use of ethanol in the inner layer spinning sasmn in fibres E-5, E-10, E-15
and E-20 has caused the diffusion of a mixture toa@ol-NMP into the DMSO
region. The presence of ethanol as a non-solvemihseo be more effective in
speeding up the polymer precipitation in DMSO, hasg in a higher viscosity of the
outer layer suspension that inhibits the formateyngrowth of finger-like voids.
Therefore, the higher the ethanol content in tmeirayer suspension, the faster the
precipitation of the outer layer suspension canungi) there is no finger-like voids
can be formed in the outer electrolyte layer. Wiiesm content of ethanol is at or
above 25 wt.%, the polymer binder in the outer lagelmost fully precipitated when
in contact with the inner layer suspension (wefbbe being immersed in the external
coagulation bath) and blocks the outer orificeh&f $pinneret and therefore, the dual-
layer hollow fibres for the such ethanol conterésirot be achieved. This further
proves the effects of ethanol (in the inner lay@spension) on changing the phase

inversion process of the outer layer suspensiomgitine co-extrusion.

6.3.2 Mechanical and gas-tightness properties

In this study, the mechanical property of the deped dual-layer hollow fibres was

investigated by three-point bending test. The bemditrength was then calculated
using equation (6.1). Figure 6.4 shows the bendtrength of the dual-layer hollow

fibres as a function of ethanol content in the miager spinning suspension. As can
be seen, the bending strength increases markethythhe enhancement of the ethanol
content in the inner layer suspension (from 0 w20 wt.%). It should be noted

that, besides the size of the finger-like structar¢he anode layer, the voids in the
electrolyte layer also affect the bending strengfttthe resultant dual-layer hollow

fibres. Consequently, the fibre using 0 wt.% ethaviach has the longest finger-like
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voids in the anode and contains plenty of micradsan the electrolyte region, shows
the lowest bending strength of about 72 MPa. Theding strength increases
substantially with higher amounts of ethanol in itheer layer suspension and reaches
the highest value of 245 MPa when 20 wt.% of ethememployed, as the formation

of finger-like voids were reduced notably in batimnér and outer layers.

Figure 6.4 Bending strength of the reduced dual-layer hollidwves measured at
room temperature as a function of ethanol contananode spinning suspension

(number of samples = 5).

Besides the bending strength, the finger-like vand$e outer layer can be considered

as certain sort of defect and affect the gas-tegamproperty of the electrolyte layer of
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dual-layer hollow fibres. As the sponge-like sturetarea in the anode inner layer is
relatively porous due to the reduction of NiO imMig it is believed that the anode
layer does not give significant influence on the-gghtness property of the dual-
layer hollow fibres, which is measured based onpifessure change of the system
Figure 6.5 shows the gas-tightness of the dualrlagdow fibres against the ethanol

content in the inner layer suspension.

Figure 6.5 Gas permeability of the reduced dual-layer hollitoves measured at
room temperature as a function of ethanol conteminode spinning suspension, with
the initial pressure of 40 psig. This graph is useddescribe the gas-tightness

property of the electrolyte layer (number of sarapie3).
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Based on the graph above, nitrogen permeabilityetkiced with the increase of
ethanol content. The fibre using 0 wt.% ethanomshthe highest gas permeability,
namely the poorest gas-tightness of 6.4 ¥ irlblm?s* Pa* due to the presence of
finger-like voids in the outer layer region, allowgian easier diffusion of nitrogen gas.
The elimination of some finger-like voids in theeerolyte layer by increasing the
ethanol content to 5 wt.% has significantly redutled pathway for gas diffusion
through the electrolyte and led to a sudden dropitodgenpermeability to 4.1 x 18
mol m? s* Pa'. The further addition of ethanol, which means asge electrolyte
layer was produced, improves the gas-tightnesseptppf the electrolyte by further
decrease in nitroggrermeability to as low as 1.2 x nolm?s*Pa' when 20 wt.%

ethanol is used.

6.3.3 Electrochemical performances
A multi-layer cathode was brush-painted onto thal-dayer hollow fibre and sintered
at 1200°C for 5 hours. The approximate dimensional of rasulcells is listed in

Table 6.2.

Table 6.2 Approximate dimensional of cells E-0, E-5, E-E915 and E-20.

Cell Inner Outer Cathode  Active cathode

diameter diameter* thickness length
(mm) (mm) (mm) (mm)

E-O 0.945 1.490

E-5 0.932 1.467

E-10 0.918 1.444 0.040 1.0

E-15 0.880 1.405

E-20 0.865 1.385

*Diameter of the cells (dual-layer hollow filsrevith cathode)
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After applying current collectors and built intonaicro-tubular SOFC reactor, the
electrochemical performance of the full cell waweistigated at 600C using
humidified hydrogen gas at the anode (lumen sidd)ar at the cathode side (outer
surface). Figure 6.6 shows the current densityag@t{-V) and power density curves
of the cell made from fibre E-20 (approximately %0of the finger-like structure in
the anode together with a in electrolyte layer) with hydrogen flow rates of &iad
30 cnt min™ (saturated with water vapour of 0.35 and 0.7C orim® respectively
using a bubbling cylinder at 2, 1 atm) and air flow rate of 40 émin™ (20°C, 1
atm). This cell shows an open-circuit voltage (OQd)about 0.81 V when the
hydrogen flow rate is 15 ctmin™. This value is lower than the Nernst voltage af1.
V at 600°C which is probably due to the possible minor diffun of molecular
hydrogen from the anode side to the oxidant (ixggen) region in the cathode side
through the thin electrolyte thickness of only 1, leading to the direct contact of
these two gases. Furthermore, minor electronic wctiwh of the CGO electrolyte
which basically creates short circuit pathways tloe electrons is also one of the

possible reasons for the lower OCV.

Although lower than the theoretical value, the OZAlue obtained in this study is in
very good agreement with our previous batch ofeBbpresented in Figure 6.1, in
which the OCV of the cell E-20 with a IBn electrolyte (0.81 V) fabricated in this
work is between the OCV of the cell R-0.5 with ® electrolyte (0.77 V) and the
cell R-1 with 19mm electrolyte (0.85 V). This is another evidenceh# influence of

electrolyte thickness on the OCV value of the o&H.shown in Figure 6.6, the OCV
of the cell E-20 reduces to 0.79 V with the inceea$ the hydrogen flow rate to 30
cm® min™ probably due to the higher pressure in the lumida that increases the

hydrogen permeation across the electrolyte layer.
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Figure 6.6 j-V and power density curves of the cell E-20. Thdsceperated at
temperature of 608C using two different hydrogen flow rates, i.e. &8’ min™ (20
°C, 1 atm) and 30 cfrmin™ (20°C, 1 atm), and air flow rate of 40 émmin™ (20°C, 1

atm).

In terms of the maximum power density of the dibié E-20 produces approximately
1.25 Wem’ and 1.84 Wmi® when the hydrogen flow rates were 15 and 36roin™
respectively. This difference can be explained byngaring the fuel utilisation in
each cell. The fuel utilisationJf) has been computed using the equation (6.3) as

shown below [11]:

Ug = ———x 100% (6.3)
2F " n

H, inlet
wherel is the electric current provided by the cell (K)is the Faraday constant (As

mol*) and n is the hydrogen molar flow rate provided to th# @aol s?). The

H, inlet
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current value in this study is referred to the eantrat the maximum power density,
based on the assumption that the electric curseatinear function of the molar flow

of the spent fuel [12].

For the cell with 15 crhmin™ of hydrogen, 34.9 % of the fuel was utilised. Witiea
hydrogen flow rate was increased to 3¢°amn™, the fuel utilisation remains at about
34.5 %, which indicates that more hydrogen volunfieiges into the small pores in
the sponge-like structure in the anode where themi#B region is located [13] and
therefore, results in the higher power output. Bu¢he same reason, the hydrogen

flow rate of 30 cimin is used in the following experiments.

Figure 6.7 presents the results of the fuel cesll ¢ the E-O, E-5, E-10, E-15 and E-
20 at 600°C using 30 crimin™ of hydrogen. It can be seen that the cell E-0 with
longest finger-like voids in the anode shows a JWery OCV of only about 0.54 V,
which can be attributed to the severe gas leakagess the electrolyte layer due to
the presence of the finger-like voids in the thieceolyte layer. In contrast, the cells
E-5, E-10, E-15 and E-20 which possess much bg#sitightness property (Figure
6.5) show considerably higher OCVs between 0.770aR@ V. Although the obtained
OCVs are still lower than the Nernst voltage, tlaeg in very good agreement with
the OCVs of the CGO-based micro-tubular SOFCs weae previously reported in

literatures [1-5,14-19].

As also presented in Figure 6.7, the power demditiie cells is closely related to the
anode structure. The cell E-20 consists only 50i8gef-like voids length of the
anode thickness shows the maximum power density8f Wcm?, which increases
slightly to 1.98 Wem? for the cell E-15 with 55 % voids structure lengiith the

increasing sizes of the finger-like voids, the maxm power density keeps increasing
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to 2.03 and 2.32 Wm?* for E-10 (with 60 % void of the anode thickness}l &-5
(with 70 % voids of the anode thickness) respebtivids shown in Figure 5.4 and 5.6
in Chapter 5, longer finger-like voids normally leavigger finger-like voids entrance
pore which results to a lower resistance of fual gi#fusion into the finger-like voids
zone. Furthermore, it is believed that the finglee-lvoids function as a set of
hundreds micro-channels [20] in the anode and tthes,presence of longer voids
enhances fuel gas mixing and facilitates bettel gas diffusion to the TPB in the
sponge-like region, the area where the oxidatiactren of hydrogen takes place and

consequently accelerates the rate of the reactitimei anode.

However, the finger-like voids of this type alsorkely reduce the conductivity and
number of TPB region per unit area in the anodexatined in Chapter 5. When the
finger-like voids are further increased to 85 %aabde thickness, i.e. the cell E-0, a
big drop in the cell performance is observed amdnitaximum power density is only
0.99W cm®. Moreover, the low OCV of the cell as the restlgas diffusion across
the electrolyte is also one of the main reasons tf@ low electrochemical

performance of this cell.

As a result of the optimised cell structure, fourt of five cells developed in this
study, i.e. E-5, E-10, E-15 and E-20, show outstapgerformances and their
maximum power densities at 660 are significantly higher than our previous result
i.e. around 1.11 W ciat 600°C for the cell R-0.5 with 35 % finger-like voidsigth
in the anode and the ones reported by Suetikil [2,3] (about 1.29 W cihat 600
°C) and Sammeet al [4,5] (about 1.31 Wcm? at 550 °C), which further
demonstrates the advantages of the co-extrusi@mtering process in fabricating

high quality dual-layer hollow fibres for betterlgeerformance.
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Figure 6.8 shows the fuel utilisation in the an@dea function of ethanol content in
the inner layer spinning suspension. As aforemaetipthe fuel utilisation percentage
in this study was calculated based on value ofctimreent at the maximum power
density. As can be seen, the cell E-O that usimg.@% ethanol shows the lowest fuel
utilisation in the anode of only about 21.2 %. Thasons for this are similar to the
explanation for the lowest maximum power densityi@zed by this cell, i.e. possible
gas diffusion across the electrolyte and less TEBumit area in the anode. While
much higher fuel utilisations between 34.5 % an®38 can be achieved for E-5 to
E20. However, the fuel utilisation of the cells @abed in this study is still

considerably low when compared to the fuel utiimatevel of the commercial fuel

cell (about 85 %) [21].
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Figure 6.8: Fuel utilisation percentage as a function of ethaontent in the inner
layer spinning suspension. The values were cakdilabsed on equation (6.3) using

the current value at the maximum power densityachecell.

In order to get a clear picture on the effect ofyér-like voids on the resistance of
each component of the cells, an impedance anahagsbeen carried out. Figure
6.9(a) shows impedance analysis for the micro-mh8IOFCs at 600 °C which is to
determine the area specific resistance (ASR) oté#lls. According to Mogensen and
Hendriksen [22], total ASR of the cell may be deddinto ohmic ASR and electrode
polarisation ASR. As shown in the graph, the disgaftom high frequency intercept
to the zero value on the real impedance axis repteghe ohmic ASR in the cell,
while the distance between high frequency and lmguency intercepts shows the

electrode polarisation ASR. In order to study tffeat of cell macrostructures on the
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cell resistance, the values of ohmic ASR, electrpdlarisation ASR and total ASR
obtained from this graph are then employed to ptet graph of ASR against the

ethanol content in the inner layer spinning susipenas presented in Figure 6.9(b).

As can be seen in Figure 6.9(b), the ohmic ASRhefdells reduces slightly with the
addition of ethanol in the inner layer spinning rssion. According to Mogensen
and Hendriksen [22], the ohmic ASR originates frim electrolyte, the electrode
materials and the current collection arrangemestth®& current collector and cathode
in this study are built in a similar way for eadlicit can be assumed that the effects
of current collection and cathode on the ohmic AB&almost negligible. Meanwhile
for the anode, the ohmic ASR from the electrolgtenuch higher than the one in the
anode [23] and therefore, the different anode sireadoes not greatly affect the total
ohmic ASR value and it is believed that the trehthe ohmic ASR that was obtained
in this study is largely resulted from the electtel Although the specific resistivity
of the electrolyte is identical because of the alsthe same material (i.e. CGO), the
electrolyte resistance of each cell varies duen&r tmacrostructure difference. The
presence of macro-voids at 0 wt.% or low ethanaiceatration has reduced the
effective cross-sectional area in the electrolytel das led to the high ohmic
resistance of the cells. Thus, the ohmic resistaidbe cells in this work decreases

with the increase of ethanol content.
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Figure 6.9 (a) Impedance spectra of the cells with differmbde structure measured
under open-circuit condition using signal amplituafel0 mV at frequencies of 100
kHz to 0.01 Hz and hydrogen flow rate of 30%min™ (20°C, 1 atm) and air flow
rate of 40 cm min® (20 °C, 1 atm); (b) The area specific resistance (ASRpa

function of ethanol content in the inner layer sy suspension.
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For the electrode polarisation ASR, it represeat®gral types of resistances [22] such
as the resistance from the gas phase diffusion thedresistance due to gas
conversion, i.e. fuel oxidation and oxygen reduttiBased on this understanding, it
is strongly believed that the variation in the amatiucture would affect very much
the value of the electrode polarisation ASR. As barseen in the Figure 6.9(b), the
electrode polarisation ASR is decreased with tlueeimse of ethanol content from 0
wt.% to 5 wt.% probably due to the smaller TPB oegper unit area that results to
the less fuel oxidation reaction of the cell thaing 0 wt.% ethanol (85 % finger-like
voids thickness) compared to the cell that usingt.86 ethanol (70 % in thickness).
However, the resistance from the fuel gas diffusionhe anode seems to be more
dominant for the cell with finger-like voids thic&ss of 60 %, 55 % and 50 % (which
fabricated from 10 wt.%, 15 wt.% and 20 wt.% ofagtbl respectively in the inner
layer suspension) since the value of electroderisalzon ASR of the cells increases
as a function of ethanol content. This shows that finger-like voids are really
beneficial in promoting the gas diffusion in theoda and subsequently, minimises

the electrode polarisation ASR in the cell.

In addition, the line of total ASR as a functionetifianol content is almost identical to
the electrode polarisation ASR trend and this iddggows that the difference in the
anode structure in this study has bigger effedhencell performance than the ohmic
ASR. In comparison to other cells reported in pvasi works [1,2,4,5,7,24-25], the
resistances of the cells in this study are muchetoand thus, explaining the

outstanding power outputs of the obtained cells.
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6.4  Conclusions

This work demonstrates the advantages of co-eximn/sd-sintering process in
developing high quality dual-laydmllow fibres A set of dual-layer hollow fibres
with 50 % to 85 % of the finger-like voids thickiseis the anode inner layer has been
successfully fabricated by varying the ethanol eohtin the inner layer spinning
suspension from 0 to 20 wt.%. The use of ethanothm inner layer spinning
suspension does not only affect the structure efatiode but also the structure of the
electrolyte due to the formation of macro-voidghe outer layer when lesser ethanol
is used. The difference in the structures in botter and outer layers of the dual-layer
hollow fibres gives a big impact to the bendingesgth of the fibres, while the gas-
tightness property of the hollow fibres is markediffected by the outer layer
structure. In term of electrochemical performarthe, maximum power density of the
cells fabricated in this study varies with the amatructure. The bigger finger-like
voids entrance size in the anode with longer fidde@r voids would results in a lower
resistance of fuel gas diffusion into the fingdwelivoids zone. It is also believed that
the finger-like voids structure in the anode actaaset of hundreds micro-channels
that improve the fuel mixing and diffusion in theoae triple-phase boundary (TPB)
region. Therefore, it is found that the maximum powensity increases significantly
with the increase of finger-like voids thicknesslaraches the highest value at 2.32
W cmi? for the cell with 70 % finger-like voids thickneskhis study also proves that
the structure of the anode has huge impact todkistance of the cells and suggests
that the anode structure is one of the major paemm¢hat have to be considered in
order to produce a high performance micro-tubufaFS. The results obtained in this
study can be used for the development of othertimmal dual-layer hollow fibres in

various applications.
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CHAPTER 7

Conclusions and Recommendations for Future Work

7.1  General Conclusions

This thesis mainly focuses on the single-step €altion of electrolyte/anode dual-
layer hollow fibres and the use of such fibres asupport for micro-tubular solid
oxide fuel cells (SOFCSs). It has been demonstrateklis thesis that the structure and
performance of the developed dual-layer hollowegcan be controlled by adjusting
a number of variables of the fabrication proceshsas the properties of the spinning
suspensions and operating parameters of the cosextyco-sintering process. In
order to understand the effects of the fabricappanameters on the quality of the
obtained dual-layer hollow fibres, a series of eletarisations have been carried out
such as macrostructure, sintering behaviour, arpmtesity and gas permeability,
mechanical strength, electrolyte gas-tightness;trédal conductivity and fuel cell
test. The results obtained have been used as aamgp@idto improve the

electrochemical performance of the micro-tubulaFE®.

7.1.1 Fabrication of novel electrolyte/anode dual-layer bllow fibres

Defect-free electrolyte/anode dual-layer hollow ré® precursors have been
successfully prepared by a phase inversion-baseaxkicosion process. As a solvent
for the spinning suspensions, dimethyl sulfoxid&@D) with the high freezing point

(18.5°C) possesses better effect in suppress the overtiyaf finger-like voids when
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compared with N-methyl-2-pyrrolidone (NMP) and aeault, leads to the formation
of asymmetric anode inner layer with nicely shatprt finger-like voids originating
from the inner surface. Due to the different simgrmehaviours of the inner and the
outer layer materials, a heating rate of°Cimin was used to co-sinter the hollow
fibre precursor, below which the fibres can hardlyvive the co-sintering. By
varying the co-sintering temperature from 1450%60°C followed by the reduction
at 550°C, the porosities of the both inner and outer lsydecreases and affects the
mechanical strength of the hollow fibre, perme&piind electrical conductivity of
the anode inner layer and gas-tightness of thdrelgte outer layer. However, the
general cross-sectional macrostructure of the hoflbres are largely retained after

co-sintering and reduction processes.

After depositing the cathode and applying the airmollectors, the fuel cell of the
corresponding dual-layer hollow fibre was invedigghat different temperatures. The
obtained open-circuit voltage (OCV) decreases witliee maximum power density
increases with the increase of the cell operatiegperatures. These can be
respectively explained by the increase in the mdaat conductivity of the cerium-
gadolinium oxide (CGO) electrolyte layer and ther@ase in the kinetics of the
oxidation and reduction reactions and overall cotigities of the cell when the

temperature is increased.

7.1.2 Effect of the electrolyte thickness on the dual-lasr hollow fibres

By controlling the extrusion rate of the outer lageispension, the thickness of the
electrolyte outer layer of dual-layer hollow fibrean be varied without affecting the
structure of the anode inner layer. Viscosity & #pinning suspension for the outer

layer should not be too high in order to ensurenaath flow of the suspension and a
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full and uniform coverage especially when the esibn rate is very low. This proves
the advantages of the co-extrusion as a suitaldlentgue in producing thin and
uniform electrolyte layer, which is comparable withe other conventional and
complex depositing techniques such as dip-coatimy Ghemical vapour deposition

(CVD).

By reducing the thickness of the electrolyte, teading strength and gas-tightness of
the dual-layer hollow fibres are reduced, indiogitthat both properties strongly rely

on the dense electrolyte layer. Based on the oddagtectrochemical data, a trade-off
between the OCV and power density of the cellbseoved when the thickness of the
electrolyte layer is reduced. The OCV of the cedlduces with the decrease of the
electrolyte thickness which can be explained by dieerease of the gas-tightness
properties and the rise in the electronic leakagess the thinner CGO electrolyte.

However, the cell with the thinner electrolyte layghows higher maximum power

density. In the thinner electrolyte, oxygen ionsnirthe cathode side could transport
more rapid to the anode side and this would acatle¢he rate of the reactions in both
electrodes. These results justify the need of rieduihe electrolyte thickness due to

the significant impact on the performance of thié ce

7.1.3 Preparation of different asymmetric structures of anode hollow fibres

The anode hollow fibres with different asymmetricustures can be prepared by
varying the initial suspension viscosity. In thisidy, ethanol was used as a non-
solvent additive in order to manipulate the susmensiscosity. Ethanol was chosen
because it can act as a good dispersant for theuraiof NiO-CGO and as a result,
the dispersion of Ni and CGO in the prepared holfiye would be more uniform

and continuous. By increasing the content of ethanthe spinning suspension, the
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length of the finger-like voids structure is reddc# has been found that the ethanol
addition has two combination effects on the spigrsaspension; firstly, the addition
of ethanol as a non-solvent would increase thealniiscosity of a spinning

suspension and secondly, the presence of ethanddl\@ocelerate the precipitation of
polymer binder during the phase inversion processabise the polymer phase is
closer to its precipitation point and subsequentigrease the local viscosity of the
nascent fibre. These combined effects would camsddrmation of a thick sponge-

like structure.

In Ni-CGO anode hollow fibre, three types of porebjch are finger-like voidghe
pores that survive the sintering in the sponge+lédggon, and the one that is formed as
a result of the reduction of NiO to Naave been observed. The other observation of
the structure of the hollow fibre is the porositly the fibres decreases with the
reduction of the finger-like voids length. The peoies of the anode hollow fibre is
markedly affected by such changes in asymmetriectres. The increase of the
finger-like voids length does not only result igher gas permeation but also reduces
the mechanical strength and electrical conductivfythe anode hollow fibre.
Therefore, the length of the finger-like voids lémghould be properly controlled as

their presence would determine the overall perforeeaof the fuel cell.

7.1.4 Effects of the asymmetric structures in the anodenner layer on dual-
layer hollow fibres

In order to vary the asymmetric structure of thedminner layer of dual-layer hollow

fibre, ethanol has been used as a non-solvent. wawehe mixing of ethanol with

DMSO (the solvent that used in previous batcheduad-layer hollow fibres) would

result in a partial solidification of DMSO and thueduces the potential of DMSO as

194



Chapter 7 Conclusions and Recommendatfor Future Work

a dissolving agent for the polymer binder. Theref®MP is used to replace DMSO
as the solvent of the inner layer spinning suspensi\s expected, the addition of
ethanol confines the growth of finger-like voidstire anode layer. However, the use
of ethanol and NMP in the inner layer spinning smsion does not only affect the
anode structure but also change the phase invepsamess in the outer layer. In the
system with 0 wt.% ethanol, the diffusion of NMRarthe outer layer where DMSO

is the solvent, decreases the freezing point of DM&d slows down the precipitation
of polymer binder. This results in a lower viscpsif the outer layer suspension when
in contact with the external coagulation and alldkes viscous fingering phenomenon
to occur, leading to the formation of finger-likeids in the electrolyte outer layer.

The use of ethanol in the inner layer spinning sasn has caused the diffusion of a
mixture of ethanol-NMP into the DMSO region. Theeggnce of ethanol as a non-
solvent seems to be more effective in speeding hg polymer precipitation in

DMSO, resulting in a higher viscosity of the oukgyer suspension that inhibits the
formation or growth of finger-like voids. Thereforithe higher the ethanol content in
the inner layer suspension, the faster the pretipit of the outer layer suspension

can be, until there is no finger-like void formedthe outer electrolyte layer.

The formation of macro-voids in both the inner d@hd outer layer markedly affects
the properties of the hollow fibre. By increasihg ethanol content in the inner layer
spinning suspension, the bending strength andiglasss property of the hollow
fibres increase. In terms of the electrochemicafopmance, the difference in the
anode structure does not give significant impacttioe OCV. Only hollow fibre

fabricated with 0 wt.% ethanol shows a very low Q@Wich can be attributed to the
gas leakage across the electrolyte layer due tgibeence of the large finger-like

voids in the thin electrolyte layer. The power autpf the cell is closely related to the
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anode structure as the maximum power density isesewvith the increase of finger-
like voids length. Longer finger-like voids normalhave bigger finger-like voids

entrance size which results to a lower resistadaab gas diffusion into the finger-

like voids zone. Furthermore, it is believed the finger-like voids function as a set
of hundreds micro-channels in the anode and thes,presence of longer voids
enhances fuel gas mixing and facilitates betterdifassion to the TPB in the sponge-
like region, the area where the oxidation reactainhydrogen takes place and
consequently accelerates the rate of the reaatidhe anode. However, at a certain
point, the finger-like voids also markedly redud¢e thumber of TPB region and

conductivity of the anode.

7.2 Recommendations for Future Work

7.2.1 Nano-grain size CGO patrticles

It has been shown in this study that the porosityhe anode inner layer strongly
influences the cell performance. Although the gdfusion in the anode has been
improved by the presence of large finger-like voitiss beneficial to further increase
the porosity of the sponge-like region of the anadiere most of TPB located. The
use of nano-grain size CGO particle would redueednsification temperature of the
electrolyte outer layer [1-3] and thus, a much lowe-sintering temperature can be

applied for a higher porosity of the anode inngeta

7.2.2 Pore former

Apart from using nano-grain size CGO patrticle uee the co-sintering temperature,

another effective and popular way in increasingpbmosity of the sponge-like region
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of anode is by adding pore formers to the inneelapinning suspension. Flour, rice
or corn starch, graphite and spherical polymersnaadely used as pore formers [4-8]

and the pore former is burned out during the simggprocess. The microstructure and
pore structure are significantly influenced by #iee, shape and quantity of the pore

formers [9,10] and the pores are normally uniforcoynected to each other.

7.2.3 Bilayer electrolyte

The OCV of the cells obtained in this study is lowlean the theoretical Nernst
voltage which is not only due to the gas tightnesae but also because of the minor
electronic current leakage across the electronindective path in the CGO
electrolyte when C¥ is reduced to C& in the reducing atmosphere. The use of
bilayer electrolyte is believed to be able to owene this electronic currents leakage

issue in the CGO electrolyte, as have been showrewious studies [11-13].

7.2.4 Fuel cell durability

During the cell operation, micro-tubular SOFCs atdbjected to cycling of both
temperature and electrochemical conditions [14]cwhioth can cause damage in the
cell’s microstructure and thus, reducing cell perfance. Cycling in SOFCs can be
divided into two types. Firstly, the temperatureadient leads to the degradation
during thermal cycling due to the different expansicoefficients between
components [15]. Secondly, redox cycling (where filnd flow is interrupted then
restarted, at a constant temperature) is showrt@ase damage to the cell due to the
expansion of the nickel particle [16]. This repeagxpansion and contraction would

lead to the formation of micro-cracks in the cé@&lhe durability and stability of the
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micro-tubular SOFC developed in this work can heligtd by operating the cell in

both thermal and redox cycling.

7.2.5 Operation on hydrocarbon fuel

Unlike other types of fuel cells, SOFCs are opefrattea high enough temperature for
internal reforming of hydrocarbons to occur on #mode surface [14]. SOFCs can
therefore use hydrocarbons as the fuel. Runningctiyr on hydrocarbon fuels,
however, results in carbon deposition on the aneddace and impairs cell
performance. Therefore, the tolerance of the cefuels other than hydrogen can be
investigated on the dual-layer hollow fibre SOFC bperating the cell on

hydrocarbon fuel such as methane and butane.

7.2.6 Triple-layer hollow fibre

The development of triple-layer hollow fibre consisf thin cathode and electrolyte
layers supported on thick anode hollow fibre canabkieved by phase inversion-
based co-extrusion/co-sintering if a number of atists can be overcome. One of the
major issues that may rise during the fabricatothe sintering temperature mismatch
between the electrolyte and cathode materials.i@ersg of the triple-layer hollow
fibre at a high temperature (e.g. 14%0) would results in a very dense structure of
cathode and also solid state reaction of some dathoaterials (e.g. lanthanum
manganite, LSM). Moreover, the macrostructure dnckhess of the cell especially
the middle layer (i.e. electrolyte) is more difficto control during the co-extrusion

process due to a more complex phase inversion ggoce
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