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ABSTRACT

Solid oxide cells (SOCs) are promising energy conversion devices in which the chemical
energy of fuels is converted into electrical energy in an efficient manner. It is generally accepted
that electrode microstructure plays an important role in determining the performance and
durability of SOCs. The electrode is required to contain large amount of active reaction sites,
termed triple phase boundaries (TPBs), to promote the electrochemical reaction. At the same
time, effective transport pathways need to be established to and from each TPB. Therefore, the
microstructure-performance relationships need to be understood in order to develop highly

efficient electrodes.

In this study a novel electrode, prepared by infiltration of nickel nano-particles into
Gadolinium doped Ceria porous scaffold, is proposed. The research aims to understand the
fundamental phenomena underpinning SOC operation for steam electrolysis/H; oxidation in
these electrodes and to establish the relationship between the microstructure of the infiltrated
electrode and electrode performance. The electronic conductivity of infiltrated electrodes was
tested by the van der Pauw method over the temperature range 20-700 °C. Electrochemical
behaviour was assessed for fuel cell and electrolysis modes using three electrode AC and DC
measurements. The microstructure was studied by SEM and FIB techniques, including 3-D
imaging and quantification. Ultimately, this is to allow electrodes to be designed with desired

characteristics.

In addition, a novel approach for electrode preparation by Selective Laser Sintering (SLS)
was evaluated by conducting a proof of concept study. This fabrication technique enables the
porosity and pattern of the electrode to be controlled by regulating the parameters of the laser
(laser power and laser speed). The feasibility of using this novel technique for solid oxide cells

was demonstrated.

A method for the fabrication of high performance ‘electrodes by design’ through the
combination of the two techniques in which the scaffold preparation by SLS is followed by

infiltration is in prospect.
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ACRONYMS AND ABBREVIATIONS

E Elastic modulus

E° Reversible cell voltage in standard conditions
E, Reversible electrochemical cell potential
E,, Thermo-neutral voltage

P Material resistivity

T, Temperature in standard conditions (7, = 300K )
v The Poisson’s ratio

O rormal Thermal stress

Ei, Thermoneutral cell voltage

Eiq Thermodynamically predicted cell voltage
Ravg Average ohmic resistance

Ry Series resistance

Jo Exchange current density

Nact Activation overpotential

Neone Overpotential due to transport limitations
Nohm Ohmic overpotential

AG® Change in Gibbs free energy at standard conditions
AG Change in Gibbs free energy

AH Change in enthalpy

AS Change in entropy

2-D Two dimensions

3-D Three dimensions

A Electrode area

A Exponential coefficient

AC Alternating current

a; Activity of species i

ALM Additive laser manufacturing

ASR Area specific resistance

C Capacity

c Crack length

CAD Computer-aided design

CE Counter electrode

CHP Combined heat and power



CPE
CVD

DFT
DMLS
DPB

EC
EDS
EIS
EVD

FC
FIB
GDC
GHG
HAZ

LSM
LSR
I1ps
MEMS
MIEC
OCP

P tot

Constant phase element

Chemical vapour deposition
Electrode thickness

Density functional theory

Direct metal laser sintering
Double-phase boundary

Activation energy

Electrolysis cell

Energy-dispersive X-ray spectroscopy
Electrochemical impedance spectroscopy
Electrochemical vapour deposition
Faraday constant

Fuel cell

Focused ion beam

Gadolinia-doped ceria

Greenhouse gas

Heat-affected zone

Heat transfer coefficient

Current

Equilibrium constant

Fracture toughness

Thermal conductivity

Electrolyte thickness

Inductance

Laser Power

Laser Speed

Strontium cobalt doped lanthanum ferrite
Strontium doped lanthanum manganite
Linear specific resistance

Triple phase boundary density
Micro-electro-mechanical system
Mixed ionic and electronic conductor
Open circuit potential

Gas partial pressure

Total gas pressure



PEMFC Polymer Electrolyte Membrane Fuel Cell

R Gas constant

R Ohmic cell resistance

R h High frequency resistance

R _hfi High frequency intercept resistance
R I Low frequency resistance

R m Medium frequency resistance
RE Reference electrode

SDC Samaria-doped ceria

SE Sense electrode

SEM Scanning electron microscopy
SLS Selective laser sintering

SOC Solid oxide cell

SOEC Solid oxide electrolysis cell
SOFC Solid oxide fuel cell

T Temperature

TEC Thermal expansion coefficient
TEM Transmission electron microscopy
TPB Triple phase boundary

U Actual cell potential difference
A% Voltage

WE Working electrode

YSZ Yttria stabilised zirconia

4 Impedance

Zy Impedance magnitude

a Charge transfer coefficient

a Thermal expansion coefficient
O, Electronic conductivity

o; Ionic conductivity

o Surface free energy

¢ Phase shift

J) Current density

A Wavelength

Ui Chemical potential of species i
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CHAPTER 1

INTRODUCTION AND OBJECTIVES

1.1 Background and motivation

A rapid depletion of fossil fuels along with the pollution associated with these fuels creates major
energy security and environmental concerns. According to recent estimates, the atmospheric CO,
concentration will double by the year 2050 compared to current levels. These will result in the
increase of the global average temperature by more than 2-3 °C, and may pose a serious threat to
environment and socio-economic stability (1). It is likely that many delicate eco-systems will not be
able to adapt, and therefore an anthropogenic increase of global average temperature can potentially

lead to the extinction of many current species and significantly reduce bio-diversity (2).

In order to minimise anthropogenic CO, emissions and reduce the risks of climate change, the
United Nations Framework Convention on Climate Change promotes innovative, cost-effective and
carbon-emission-free technologies that have the potential to meet the increasing demand for primary
energy without causing a negative impact on the environment (3). Hence, the investigation of
renewable energy sources aiming to minimise the release of greenhouse gases (GHG) to the

atmosphere has been the subject of extensive research during the past few decades (4).

Renewable energy such as solar energy, wind, tidal or ocean wave energy as well as geothermal

heat are low carbon alternatives to fossil fuels. These energy sources are CO,-neutral and therefore do
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not contribute to anthropogenic CO, emissions. However, the implementation of these technologies
on a large scale is still limited because of the cost constraints (4, 5). Equally, hydropower is an
excellent alternative to fossil fuels, but the availability of hydropower is site-specific and in some
areas it is already being utilized at maximum capacity (6). Geothermal power is also not ubiquitous
and therefore can only provide limited and local solutions. Wind and solar energy has a very
significant global potential, but requires the development of efficient, cost-effective and scalable

storage capabilities because of these energy sources’ inherent intermittency.

Before the full transition to renewable and carbon neutral energy can be achieved, increasing the
efficiency of current technologies, both in terms of energy conversion, supply and demand, is
important in order to reduce the associated anthropogenic GHG emissions. High temperature fuel
cells represent a key enabling technology for the efficient power generation and storage. High
temperature fuel cells are able to generate electricity as a result of electrochemical reactions between
the fuel (e.g. H,) and the oxidant (e.g. O,) and release H,O and heat as by-products (7). On the other
hand, operation of a high temperature fuel cell in the reverse mode offers an efficient way to produce
H, via steam electrolysis, which can be stored until required. The principles of fuel cells will be
discussed in detail in the literature review. However, if hydrogen will become a significant part of
global energy economy, there are number of concerns associated with H, production, distribution and
storage, that need to be solved (8). While representing an important technology of the future hydrogen
economy, high temperature fuel cells are also an essential part of the transitional energy economy,
because of the unique ability to efficiently generate electricity from fossil fuels (e.g. methane) and
convert GHG (e.g. CO,) into fuel when a surplus of electricity is available. Thus, this technology can

be employed to balance the grid even before the transition to a H, economy (9, 10).

The advantages of solid oxide fuel cells (SOFC), operating at high temperatures (700-1000 °C),
are the flexibility in terms of fuel (e.g. hydrocarbons can be used as fuel) as well as higher efficiency
compared to low temperature fuel cells. In addition, SOFC can be operated in a reverse mode — it is
then referred to as solid oxide electrolysis cell (SOEC) — to produce fuel when excess electricity is

available. One of the promising applications is biogas upgrade, the process in which CO, component
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of the biogas mix is converted to CO via electrolysis. Equally, SOECs can be used to produce a
syngas (a mixture of CO and H,) from the electrolysis of CO, and steam (11-14). These fuels can

either be stored or transported using the existing infrastructure.

Electricity generated by a renewable or nuclear source can be used to produce fuel in SOEC (12,
13, 15, 16). Schematics of zero-carbon emission route, where SOEC is coupled with a renewable or

nuclear energy source, is illustrated in Figure 2.1 (12):

CO5 air capture CcO,

I H

2 CxHy
s

Dissociation sl Fuel
) CO2/H20 mmlp SYnthesis —>
£ CO

Renewable/ ;

nuclear energy 5
2

Figure 2.1. Diagram of high temperature electrolysis for CO, or H,0 dissociation integrated into the closed

loop of CO, capture and liquid synthetic fuel production using renewable energy (12).

In order to operate the cell at high temperature and maximise its performance, more sophisticated
materials, design and manufacturing techniques are required. In recent years, extensive research has
been done in the field, as will be discussed in detail in the literature review. The main challenges
associated with the SOC technology, are operation without significant degradation, high performance
and low cost. Manufacturing methods along with the materials selection have an impact on the
microstructure of the cell electrodes, which in turn affects the performance. Therefore, finding both an
appropriate combination of materials and a way to control the microstructure during cell fabrication is

a key for the optimisation of solid oxide cell (SOC) performance.

The strategy ‘electrode by design’ is adopted in this study. The concept means that the
microstructure and the performance of the electrode will have to be determined by carefully tailoring
the processing parameters and/or using different materials combinations. To achieve the ‘electrode by

design’ vision, a holistic approach is used. This includes establishing an empirical relationship
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between the experimental data and the results of 3-D image reconstruction and modeling. This

approach is schematically shown in Figure 2.2.
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Figure 2.2. Schematic representation of the holistic approach adopted in this study to contribute towards

the ‘electrode by design’ vision.

1.2 Objectives and scope of the thesis

The objectives of this thesis are twofold. The first objective was to explore the capabilities of the
infiltration technique for fuel electrode fabrication. Specifically, the fuel electrode was fabricated by
infiltration of a porous Gadolinia-doped Ceria (GDC) scaffold with Ni nano-particles. The
combination of Ni and GDC was chosen due to the high catalytic activities of these materials towards
H, and/or CO, oxidation, the high electronic conductivity of Ni, and the mixed-conductivity of GDC.
The main attractiveness of infiltration technique is that the key parameters of the porous scaffold can
be controlled independently of the fraction of infiltrated material. While Ni and GDC have been used
in SOC electrodes in the past, the infiltration of GDC scaffolds with Ni has not been previously
reported. This study explores the microstructural development during multiple Ni infiltrations, the
electrochemical performance of these electrodes, as well as short-term degradation performance in H,
atmospheres at 550-750 °C. For the first time the 3-D image reconstruction method was applied to

characterize the microstructure of infiltrated electrodes.
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The second objective of this work is to evaluate a Selective Laser Sintering (SLS) technique for
SOC electrode fabrication as a proof of concept. No studies have been reported regarding the
fabrication of SOC electrodes using SLS, thus making the present research the first of its kind. By
regulating the parameters of the laser (laser power and laser speed) this method enables the porosity
and pattern of the electrode to be controlled. Furthermore, this technique is scalable and thus can
potentially offer an effective way of manufacturing the cells. The feasibility of this novel technique

for the use in the field of solid oxide cells is demonstrated.

As the next step, SLS and infiltration techniques may be combined together to form unique
microstructures of SOC electrodes with in a highly controllable and defined way. Ceramic or metal
scaffolds may be infiltrated with catalyst, enabling the ‘electrodes by design’ in order to create SOC

electrodes with high performance.

1.3 Brief outline of the thesis

The structure of the thesis is as follows. In Chapter II the principles of fuel cells and the
materials requirements for SOC components are outlined. The key publications on fuel electrode
materials and performance are also discussed in this chapter. A large part of this chapter is dedicated
to the relationship between electrode material, fabrication methods, microstructure and performance,
as well as identifying current gaps in knowledge in this field. The concepts of the SLS technology and

the process parameters, critical for the microstructure, are introduced.

In Chapter III, the experimental methodology is described. This includes techniques for electrode
fabrication, cell performance testing and characterisation of the electrode microstructure. Chapter IV
presents the results of the electrochemical performance of the cells and characterisation of the Ni-

infiltrated GDC electrodes, followed by discussion and conclusions.

Chapter V outlines the design of the experiments and the procedure of the electrodes’ fabrication

by laser sintering technique. The results are discussed in terms of microstructure and electrochemical
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performance. This is followed by discussion regarding the feasibility of this technique for SOC

electrode fabrication and recommendations for future work.

10.

11.

12.
13.

14.
15.
16.
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Finally, general conclusions of this study and the outlook are summarized in Chapter VL.
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CHAPTER I1

LITERATURE REVIEW

2.1 Introduction

The aim of this literature review is to outline the challenges in materials and microstructure of
state of the art SOCs, and to highlight the importance of the present study to the field of solid oxide
fuel cells. The literature survey starts with an overview of the fundamental principles of Solid Oxide
Cells. In this part the thermodynamics and kinetics of SOCs will be explained. Then, the materials
used for the cell electrodes and the electrolyte, as well as the requirements dictating the selection of
these materials, will be outlined. The emphasis is put on ceria and nickel based electrodes for SOCs.
The role of electrode microstructure will be discussed in detail, as it is directly related to the
fabrication method. The review includes an introduction to conventional techniques for electrode
fabrication, and highlights the relevance of novel approaches deployed in this research, such as

infiltrated ceria scaffolds and laser sintering.
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2.2 Principles of Solid Oxide Cells

Brief history of fuel cells

The principle of a fuel cell, i.e. conversion of chemical energy into electrical energy, was first

described in the Philosophical Magazine and Journal of Science by Welsh scientist and barrister Sir

William Robert Grove (1811-1896) in 1839 (1). At the end of the 19th century, German chemists

Walther Hermann Nernst (1864-1941) and Fritz Haber (1868 —1934) devoted much effort to

investigate direct carbon-oxidizing fuel cells (2). Since then, in spite of potentially high efficiencies

and environmental benefits associated with fuel-cell technology, it has proved difficult to develop the

early scientific experiments into commercial products. This was due to the lack of appropriate

materials or manufacturing routes that would enable the cost-efficient production (3).

However, in the past decades several types of fuel cells have been proposed. Fuel cells can be

divided into groups according to electrolyte type or operating temperatures. Their main features,

technological applications and working conditions are summarized in Table 2.1 (4).

Table 2.1. Comparison of fuel cell technologies (4).

Fuel Cell Common Operating | Typical Stack | Efficiency Applications Advantages Disadvantages
Type Electrolyte | Temperature Size
Polymer Perfluoro 50-100°C < TkW-100kW 60% + Backup power + Solid electrolyte re- « Expensive catalysts
Electrolyte | sulfonic acid 122-212° transpor- | » Portable power duces corrosion & electrolyte » Sensitive to fuel impurities
Membrane typically tation » Distributed generation | management problems « Low temperature waste
(PEM) 80°C 35% » Transporation * Low temperature heat
stationary | » Specialty vehicles » Quick start-up
Alkaline | Aqueous 90-100°C 10-100 kW 60% * Military + Cathode reaction faster + Sensitive to CO,
(AFC) solution of 194-212°F » Space in alkaline electrolyte, in fuel and air
potassium leads to high performance » Electrolyte management
hydroxide * Low cost components
soaked in a
matrix
Phosphoric | Phosphoric 150-200°C 400 kW 40% » Distributed generation » Higher temperature enables CHP | » Pt catalyst
Acid acid soaked 302-392°F 100 kW + Increased tolerance to fuel » Long start up time
(PAFC) in a matrix module impurities * Low current and power
Molten Solution 600-700°C 200 45-50% | » Electric utility » High efficiency » High temperature cor-
Carbonate | of lithium, mM2-1292°F kKW-3 MW » Distributed generation + Fuel flexibility rosion and breakdown
(MCFC) sodium, and/ 300 kw » Can use a variety of catalysts of cell components
or potassium module » Suitable for CHP » Long start up time
carbonates, * Low power density
soaked in a
matrix
Solid Oxide | Yttria stabi- 700-1000°C | 1kW-2 MW 60% + Auxiliary power » High efficiency + High temperature cor-
(SOFC) lized zirconia | 1202-1832°F » Electric utility » Fuel flexibility rosion and breakdown

+ Distributed generation

» Can use a variety of catalysts
» Solid electrolyte

» Suitable for CHP & CHHP

» Hybrid/GT cycle

of cell components

» High temperature opera-
tion requires long start up
time and limits
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The development of the fuel cell technology led to the improvement of the fuel cell performance
and, consequently, to an emergence of cost effective commercially available fuel cell products, such
that micro-combined heat and power (CHP) PEMFC units (produced by Ene-Farm, Japan) or SOFC

units (produced by Ceramic Fuel Cells Limited, Germany) (5).

Solid Oxide Cells operation

The focus of the present study is a Solid Oxide Cell (SOC). A SOC can be operated in two
modes. First mode is a power generator, known as Solid Oxide Fuel Cell (SOFC), in which hydrogen
or hydrocarbons are utilized as a fuel and are converted directly into electrical energy by means of
electrochemical reactions. In contrast to an internal combustion engine, in which chemical energy is
transformed into heat and then into electrical energy, in an SOFC this intermediate step is avoided.
Therefore, the SOFC efficiency is not limited by the Carnot cycle and, theoretically, higher

efficiencies can be achieved (6, 7).

In the second mode an SOC can be operated in reverse. In this case SOC is normally referred to
as a Solid Oxide Electrolysis Cell (SOEC), where fuel production (hydrogen or syngas) is possible
through high temperature electrolysis of steam and/or CO, (8-10). Therefore, an advantage of an SOC
is the ability to have a unit where either electricity or fuel can be produced according to demand. This
feature is of particular interest when fuel cells and electrolysers are coupled with intermittent
renewable power sources to convert a surplus energy into gas or liquid fuels (11). Also the capability
of utilising hydrocarbon fuels enables natural gas and its derivatives to be used more efficiently and in
a sustainable manner, for example in micro-CHP systems for residential purposes (12, 13). When
operating on hydrogen, SOFC offers an environmentally friendly energy source with zero local

emissions (14).

SOCs possess other advantages with respect to other cell fuel types. Since SOCs operate at high

temperatures, no precious metal catalysts (such as platinum used in low temperature fuel cells) are
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required (15). Elevated temperatures (500 — 1000 °C) are favourable for the chemical reaction kinetics

which leads to decreased internal cell resistances, resulting in increased cell efficiencies.

An SOC consists of a solid dense electrolyte and two porous electrodes: anode and cathode. The

cathode is the electrode at which the reduction of the reactant takes place, and the anode is the

electrode at which the oxidation occurs (16).

Figure 2.1 shows the key components and working principles of a SOFC and a SOEC. When a
system with H, fuel is considered in galvanic (spontaneous process, thermodynamically favoured)
normally referred to as SOFC mode (Figure 2.1a), fuel (H,) is fed to the anode (negative electrode)
and the oxidant (O, or air) is fed to the cathode (positive electrode). Fuel reacts (oxidizes) with
oxygen ions, conducted through the electrolyte, to form products (H,O), heat and electrons, which are
transferred through the external circuit forming electric current. The reaction continues as long as fuel

is provided to the cell and the load is applied to the external circuit.

(a) SOFCMode (b) SOECMode
0, e 0, —
| cathode l + | - anode * + e
: 5 & : s
electrolyte 1,202 § g electrolyte TZO2 E_ 03
[anode i - | |cathode - |
2H, and/or CO/C,H, — 2H,0 and/or CO, Ae
2H,0 and/or CO, 2H, and/or 2CO

Figure 2.1. Schematics that shows key components and the working principle of a Solid Oxide Cell. The cell

can operate in (a) galvanic mode (SOFC) or (b) electrolysis mode (SOEC).

In electrolysis mode (Figure 2.1b), electrons are supplied to the cathode from the external power
source. Under electric current and heat, steam, which is supplied to the anode, is reduced to products

(H, and O%). Oxygen ions then migrate through the electrolyte from the cathode to the anode and are

oxidized to form oxygen molecules (17).

Electrochemical reactions on the electrodes in fuel cell mode can be summarized as follows:
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Oxidation of fuel (hydrogen and/or reformed | Reduction of oxygen is catalysed on the cathode.
hydrocarbons) is catalysed on the anode. Half-cell | Half-cell reaction on the cathode:
reactions on the anode:

H

1
2- heat,catalyst — — 2—
+( ) R + —
2(g) H2O 2e 02 AF 26 —> 0

CO(g) +02- heat,catalyst C02 + 2é

The overall reaction:

1
H2+102—’”—‘”—>H20 CO+-0,—"“CO,
2 and/or

The thermodynamic and kinetic aspects of an SOC are described in the next section.

2.3 Thermodynamics of fuel cells and electrolysers

In terms of thermodynamics, the total energy demand ( AH , the enthalpy change in J/mol) for a

reaction is expressed as:
AH = AG+TAS 21

where AG is electrical energy (Gibbs free energy change, in J/mol) and TAS is the thermal
energy (T - temperature of the reaction in K, AS - the formation entropy change, in J/K-mol) needed

for the process.

The electrochemical processes in a fuel cell become increasingly exothermic with temperature,
while the electrolysis reactions become increasingly endothermic with temperature. As the total
energy demand (AH') is almost independent of temperature, as shown in Figure 2.2 (18), the
electrical energy demand for electrolysis will, in theory, become lower at higher temperatures. For
this reason (but not solely, as will be described further), it is desirable to operate SOCs at higher

temperatures.
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H,0 — Hj + 20, CO, — CO + %20,
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E oo Total energy demand (AH) £ 550 |~=_ Total energy demand (AHy)
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Figure 2.2. Thermodynamics of H,0 and CO, electrolysis at 1atm (18).

If the heat from irreversible losses (overpotentials) balances the endothermic requirement of

electrolysis reaction, the cell operates at thermo-neutral conditions. The thermo-neutral voltage ( £, ),

required for thermo-neutral conditions, is defined as:

_AH _AG  TAS 22
" nF  nF  nF

Tn

where n is the electron stoichiometry of the electrolysis reaction and F is the Faraday constant,

F =96485|C-mol |-

If the cell voltage is above E,, , then excess heat is produced. Alternatively, if the cell voltage is

below £, , the heat needed for the electrolysis must be provided by external sources.

The reversible electrochemical cell voltage £ known as open circuit potential (OCP) is
determined by the Gibbs’ free energy of the reaction and therefore depends on its chemical activity

and temperature according to Nernst equation (2.3):

E— dﬁ _ dH TdS 00 —Eln Ha;rnducts 2.3

nkF B nF nF B nkl Ha:eactans

where E°is the reversible cell potential at a standard pressure and temperature (latm, 300K),
R is the gas constant (R = 8.314 J/K'mol), a- activity of products or reactants and vis a
corresponding stoichiometric coefficient in a chemical reaction. For reactants/products in gas state

is the total

P where P is the partial pressure of individual gasses and P

(assuming ideal gas) , — 1ot

tot
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pressure of all present gases. At the temperature7 # 7,, where 7jis a temperature at standard
conditions ( 7, = 300K ), the reversible electrochemical cell potential £ is given as:

2.4
E,=E° +%(T—TO)

2.4 Kinetics of Solid Oxide Cells

Thermodynamics provides the theoretical (or ideal) limits for fuel cells performance. Even
though the thermodynamically attainable efficiency of SOFCs is high in comparison with that of
combustion engines, overpotentials (or polarisation losses) prevent the cell from achieving its
maximum theoretical performance (19). Therefore, thermodynamics alone cannot account for cell
behaviour, since thermodynamic calculations are only valid when all the cell species exist in the
equilibrium conditions and the internal losses are not taken into account. For that reason, kinetic

calculations are necessary in order to fully describe electrochemical behaviour.

Major factors that contribute to the SOC resistance are activation overpotential, ohmic losses and

concentration overpotential, as shown in Figure 2.3 (20).

Reversible potential — The ideal cell potential-

Activation

e

Cell potential

Concentration

Cell current | (A) or cell current

Figure 2.3. Schematic representation of a typical polarisation curve. The cell potential for a fuel cell

decreases with increasing in cell current due to activation, ohmic and concentration polarisation (20).
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Activation loss - 1,
Some part of the cell voltage is lost due to the activation barrier for the electrochemical reaction
to occur. This voltage is known as activation overpotential, 7, . Activation polarisation is usually

dominant at low current densities (7). Activation loss is related to the charge transfer process and
depends on the concentration of electrode/electrolyte/gas triple-phase boundaries (TPBs) and the

electrocatalytic properties of the electrode (21). TPBs will be discussed in detail in further sections.

In the absence of activation overpotential, the exchange current density, j, (in Acm™), measures
the equilibrium flow of electrons, both in forward and backward directions. The relationship between
actual current density output, ;, and the activation overpotential, 7,,, is described by the Butler-

Volmer Equation:

. . anFrlacz‘ — (1 — a)nFndCt 2.5
= exp| — 4L | —exp| ———~— fact
J ]0( XP[ RT } Xl{ RT

where o is called the charge transfer coefficient and indicates the symmetry of an
electrochemical reaction on the electrodes, namely the effect of the forward versus reverse activation
barrier on the change in electrical potential. Its values are between 0 and 1 and are assumed to be 0.5

for typical fuel cell electrode materials.

At high activation overpotentials the graph of 7, versus the logarithm of current density

approximates to a straight line. In this region the Butler-Volmer equation can be simplified and

reduced to the Tafel Equation for an oxidation reaction:

anF;yw} 2.6

e
J Joxp‘: RT

This equation may be used to find exchange current density and activation overpotential.
Activation polarisation can be minimised by maximising the effective exchange current density
which, in turn, depends on catalyst activity, temperature, concentration of reactants and especially on

the number of reaction sites, where electrochemical reaction takes place.

34



Chapter Il: Literature Review

Ohmic loss or charge transportloss -y, .
The voltage that is expended to drive conductive charge transport (electrons and ions) represents

an ohmic loss to a cell potential. This voltage loss obeys Ohm’s law in the absence of concentration

gradients:

ﬂohm:i ‘R 2.7

where R is Ohmic cell resistance (in €2) and depends on the material resistivity, o, the

thickness of electrolyte, L, and electrode surface area, 4 as:

R=p L 2.8
A

The ohmic overpotential is usually dominated by the electrolyte resistance, since ion

conductivity in typical SOC electrolyte materials is four to eight orders of magnitude lower than the

electron conductivity of the relevant SOC components and therefore might become a limiting

parameter in SOC performance. The electrolyte conductivity increases with temperature. For this

reason operating SOCs at elevated temperatures results in better cell performance (7).

The other factor that can contribute to the ohmic loss is the electrical resistance of the SOC
electrode which is comprised of internal resistance and contact resistance. The internal resistance
refers to the poor transport of electrons within the electrode, and therefore, is determined by the
magnitude of electronic resistivity and thickness of electrode. Additional contact resistance may be

caused by poor adherence between electrodes and electrolyte (21).

Usually, area-specific cell resistance (ASR, in Qcmz) is used to be able to compare the

performance of the cells with different sizes. ASR is defined as:
ASR=A-R, 2.9

where A4 is geometrical area of electrode.
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Concentration loss or mass transportloss - 7, .

The supply and removal of reactants and products in a fuel cell or electrolyser are governed by
mass transport, which is typically dominated by diffusion of the fuel to the reactant sites and diffusion
of products out of the cell. Concentration polarisation becomes rate determining at higher current
densities and/or low reactant partial pressures. Poor mass transport leads to reduced reactant
concentration (reactant depletion) at the TPBs, and results in the decrease of the cell potential because
of the sluggish kinetics. As concentration polarisation is related to the transport of gaseous species
through the porous electrodes, its magnitude is dictated by the microstructure of the electrode, i.e.

porosity, pore size, and the tortuosity factor (22). These will be discussed in detail in section 2.7.1.

Taking into account overpotentials associated with different mechanisms, the actual cell

potential, U, can be expressed as:

U = E - nact,anode_ ’/Iact,cathude_ ’/Iuhmic - ncanc,anude_ nconc,cuthode 2.10

Thus, microstructure optimisation and careful material selection are essential to minimise

potential losses and therefore improve cell performance.

2.5 General requirements for Solid Oxide Cell components

There is a strong link between material properties and the performance of the SOC in terms of
electrical and fuel efficiency, durability, and chemical and mechanical stability. It is desirable to gain
a good SOC performance in both FC and EC modes, therefore understanding the challenges related to
both processes is essential. This section outlines requirements and state-of-the-art materials used for

SOC (with an emphasis on fuel electrode materials).

2.5.1 Electrolytes
The electrolyte in high temperature fuel cells functions as an ionic conductor between two

electrodes. It carries the oxygen ions from cathode to anode (or vice versa depending on the mode of
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operation) to balance the charge from the electron flow and complete the electrical circuit in the cell

as shown in Figure 2.1.

The electrolyte materials for SOCs are therefore required to be (21, 23):

Stable at high operating temperatures,

= Stable in both highly reducing and highly oxidizing environments,

*  Of high ionic conductivity (normally higher than 1 X 1073 Scm™1) and low electronic
conductivity,

= Compatible with electrode materials in terms of chemical stability and thermal
expansion,

= Dense to avoid gas leakage,

= Thin to reduce ionic resistance,

= Resistant to thermal cycling and mechanically stable,

= Of low cost.

The most common material for this application is Y,Os;-stabilized ZrO, (YSZ) (24). This
material exhibits good thermal and chemical stability, high ionic conductivity, does not conduct

electrons and is mechanically robust at elevated temperature.

Pure zirconia possesses polymorphism — different crystalline structures at different temperatures.
At high temperatures (above ~2400 °C) it has a dense cubic structure, but at lower temperatures its
structure transforms into tetragonal (above ~1000 °C) and monoclinic phases, which are less dense.
Due to low thermal conductivity and polymorphism with associated lattice expansion, pure zirconia
has low thermal shock resistance. However, the cubic fluorite structure can be stabilized at lower
temperatures by doping zirconia with divalent or trivalent larger cations such as Ca®" or Y’

(Figure 2.4).
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0 Y 3+
0 Zr4+
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7~ Oxygen
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YSZ (Yttria-Stabilised Zirconia)
Cubic Fluorite Structure

.,

Figure 2.4. Formation of ionically conductive YSZ cubic flourite structure (25).

When some fraction of Zr*" ions are substituted by lower valence cations, the concentration of
oxygen ions decrease to maintain electro-neutrality, thereby introducing oxygen vacancies. The
concentration of vacancies is defined by the concentration of dopant, i.g. 2[Y’z,] = [Vp-] in the case
of yttria stabilized zirconia. Oxygen vacancies enable the ionic (O*) conductivity of YSZ. The

vacancies formation can be shown by Kroger-Vink notation in eq. 2.11.
Y,03(Zr0,) = 2Y'z. + 305 + Vy 2.11

About 8-9 mol% Y,O; is needed for stabilization of the cubic structure of zirconia (7). Another
commonly used stabilising dopants are CaO, MgO, Sc,0; and certain rare earth oxides such as Nd,O;,
Sm,0;, and Yb,0s;. A correlation has been found between dopant ionic radius and the ionic
conductivity. The highest ionic conductivity was observed for the Sc*" cations, having the ionic radius

closest to that of Zr*" (26).

Ceria (or cerium oxide) based ceramics can also be used as electrolytes in SOCs (14). Ceria
possesses a cubic fluorite structure that is stable throughout the whole temperature range relevant to
SOC operation. Dopants, used to introduce ionic conductivity, mostly include samarium,
(Cepg5Smy 15)O1.925 (SDC) and gadolinium (Ceg99Gdy.10)0195 (GDC). Ceria based electrolytes are
mostly favourable for intermediate (500-800 °C) temperature application, due to their high ionic

conductivity in this temperature range. Since cerium has two oxidation states (Ce*" and Ce’"), mixed

38



Chapter Il: Literature Review

ionic and electronic conductivity appears at high temperatures (> 600 °C) in reducing environments
(27-29). Mineshige et al found that SDC becomes electronically conductive when the partial pressure
of oxygen is less than 10~8atm, and total conductivity increases with decreasing P(O,) (30). The
boundary between electronically conductive and non-conductive behaviour moves to higher oxygen
partial pressures as the temperature increases, as expected from the temperature dependence of

electronic conductivity (31).

However, electronic conductivity is an unwanted property for SOC electrolytes, therefore co-
doping or use of a blocking layer are needed to avoid unwanted reduction (32). Nevertheless, mixed
ionic-electronic conductivity could be a favourable property when ceria-based ceramics are used in

scaffolds for SOC electrodes, as discussed further in section 2.7.2.

Variation of the electrolyte ionic conductivity with temperature usually obeys Arrhenius law and

is a function of dopant concentration (7) according to eq. 2.12 (33).

A E, .
o =2 V510 = Wshexp (- 25 e

where E, is the activation energy for conduction, R — the gas constant, 7 — absolute temperature,

and 4 — the exponential coefficient.

The ionic conductivity at constant temperature increases with the concentration of vacancies in
the lattice. However, there is a maximum concentration after which ionic conductivity will further
decrease due to interaction between the substitutional cations and the oxygen vacancies they

introduce.

As can be seen the ionic conductivity of the electrolyte increases with temperature (Figure 2.5),

therefore operating SOCs at higher temperatures will lead to lower ohmic resistances.
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Figure 2.5. Effect of temperature on electrolyte ionic conductivities (7).
Another important parameter of the electrolyte is its thickness. The resistance of the cell can be
reduced using thinner electrolytes. In this case the temperature of operation can be considerably

reduced (34). However, the mechanical stability of the cell might be affected (23).

2.5.2 General requirements for SOC electrodes

In order to facilitate the electrode reactions, the following requirements for SOC electrodes’
materials should be fulfilled (17, 24, 35, 36):
= Both electrodes should be chemically stable in the highly reducing/oxidizing

environments and high temperatures.

= Electrodes should have good electronic conductivity, ionic conductivity and catalytic
activity.

= Electrodes should be mechanically stable.

= Both electrodes should have porosity in order to:

o Support gas transport between the electrode surface and the electrode—

electrolyte interface

o Allow the reactants and products to enter or exit the active sites in the electrode.

o Provide high TPB densities.
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= Thermal expansion coefficients of both electrodes should be close to that of the
electrolyte to prevent material failure of the electrolyte due to high mechanical stress
induced by thermal expansion mismatch.

= Electrodes should be durable at high current density operation.

In general, factors which affect electrode performance are intrinsic properties of the materials
used (electrical and ionic conductivities, catalytic properties), interaction between different materials
in the electrode (wettability, chemical interactions), manufacturing process (sintering temperature and
duration), powder quality (particle size and powder purity) and microstructure (porosity, pore size,

distribution across the electrode). Aspects relevant to this study will be discussed further.

2.6 Oxygen electrode for high temperature SOCs

The main functions of the cathodes in SOFCs (anode in SOEC) are: transport of oxygen to the
electrode-electrolyte interface, reduction of oxygen, transport of oxygen ions to the electrolyte and
distribution of the electrical current associated with the oxygen reduction reaction. It is generally

recognized that a significant portion of the total polarisation losses originate in the cathode (37).

The state-of-the-art oxygen electrode is a porous electronically conductive ceramic composite,
typically the mixture of Sr doped LaMnO; (LSM) and YSZ (LSM-YSZ). The thermal expansion
coefficient of LSM is close to that of the YSZ electrolyte (10.6-11x10° K™), which ensures good
adhesion between these materials. However, in electrolysis mode delamination at the
electrode/electrolyte (LSM-YSZ/YSZ) interface caused by pressure differences occurring upon O,
evolution in closed pores has been reported (38). When tested in fuel cell mode, degradation of the O,
electrode performance is known to be caused by formation of secondary poorly conductive phases

such as La,Zr,0; or SrZrO; (39).

The electrochemical properties of LaggSrooMnOs3; (LSM) — YSZ, LaygSry,FeO; (LSF) — YSZ,
and LaygSr;,Co0; (LSCo) — YSZ electrodes for use in fuel cell and electrolysis modes have been

previously assessed (40). According to this study, LSF-YSZ and LSCo-YSZ composites exhibit
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similar performance under anodic and cathodic polarisation. In contrast, LSM-YSZ composites
showed good performance only after cathodic activation, and this activated state was lost during
operation in electrolysis mode. Therefore, it was concluded that LSM-based electrodes do not appear

to be optimal for use as oxygen electrode in a reversible SOCs.

The activity under anodic and cathodic polarisation of (La,Sr)(Co,Fe)O; (LSCF), LSF and LSM-
YSZ electrodes have been investigated in (41). It was found that the activity of all electrodes in fuel
cell mode was generally higher compared to the operation in electrolysis mode. The order of

performance was found to be as follows: LSCF > LSF > LSM-YSZ (in both electrolysis and fuel cell
modes).
The addition of 30-50 vol% (Ce,Gd)Os; (GDC) to LSCF cathodes screen printed on YSZ

electrolytes has been reported to result in a factor of 10 reduction in the electrode polarisation

resistance as shown in Figure 2.6 (42, 43).

-0.0084 y
LSCF LSCF-GDC50
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Figure 2.6. Impedance spectra taken in air at 750 °C for LSCF (left) and LSCF-50 wt% GDC (right) cathodes,

adapted from (42).

The enhanced electrochemical performance may be explained by the high ionic conductivity of
GDC that leads to the expansion of the electrochemical reaction zone further from the

electrode/electrolyte interface.

Taking into account the enhanced performance of these electrodes, LSCF-GDC was used for the

oxygen electrode in this study.
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2.7 Fuel electrode for high temperature SOCs

2.7.1 Factors affecting performance of SOC fuel electrodes

Triple Phase Boundaries

As described earlier, the fuel electrode for SOCs should be catalytically active for either hydrogen
oxidation (fuel cell mode) or steam reduction (electrolysis mode), and exhibit acceptable ionic and
electronic conductivities (typically 100 Scm™1). Catalytic reaction occurs at the active sites, called
triple phase boundaries (TPBs). A TPB is the conjunction of pore phase, ionic conductor (typically
YSZ), and electronic conductor (typically Ni), as shown in Figure 2.7 for a Ni-based cermet electrode
and H, as fuel (44). The presence of all three phases is essential for the reaction to occur. The role of
the pore phase is to allow gas reactants to effectively access the TPB and to enable product removal
from the cell. The main functions of the electronic conductor are to facilitate electro-oxidation of the
fuel by catalysing the reaction, assisting in charge transfer and conducting electrons away from the
TPB to the external circuit. The ionic conductor carries oxygen ions to the TPB to accomplish the
oxidation reaction. For a TPB to contribute to current generation, the gaseous, ionic, and electronic
phases must have a contiguous connection to the rest of the microstructure. That is, the pore must be
connected through the pore network to the fuel stream, the electronic conductor phase should be
connected to the external circuit, and the ionic conductor phase needs to be in a good contact with the

electrolyte (45). The total length of all TPBs is called the TPB length.

The corresponding reaction steps on the TPB according to numbers on Figure 2.7 could be

summarized as follows (44):

1. H, adsorption and dissociation

2. Hus) surface migration and 0% bulk migration through ionic conductor to TPB

3. Charge transfer reaction on TPB

4. Electron migration through the electronic conductor to the external circuit; HyO desorption

and diffusion (removal) through the pore phase.
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It is therefore clear that the concentration of interconnected active sites in the electrode, i.e. TPB
length, is a critical parameter that will affect the electrode, and consequently, the cell performance. To
extend one dimensional TPB length to the two-dimensional active area, the use of mixed ionic and
electronic conducting ceramic materials, such as doped ceria, is also being investigated (46). This will
be discussed in details in ‘Ce-based electrodes’ section.

= electrolyte (e.g. YSZ, CGO)
@ = metal (e.g. Ni)
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Figure 2.7. Schematic view of reaction pathway at SOFC anode cermet (left); close-up of anode cermet TPB

and corresponding processes (right) (44).

Improvement of the understanding of the electrochemical processes occurring at TPBs, the
optimisation of the microstructure through maximisation of the effective TPB length and the search
for the optimal combination of materials are the subjects of major research effort for the optimisation

of SOC electrode performance.

Active region

Even though TPBs are distributed throughout the porous electrodes they are not equally active
(47). It has been recognized that an electrochemically active zone (or active layer) exists in SOFC
electrodes where electronic conductivity is typically orders of magnitude higher than ionic
conductivity, i.e. in the case of composite Ni-YSZ anodes. Electronic conductivity is higher than
ionic conductivity and therefore the TPBs closer to the electrode — electrolyte interface are expected

to be preferred reaction sites to those at the gas — electrode interface (48). Other reasons for the
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existence of active regions are a difficulty to maintain the continuity of the TPBs from the
electrolyte/fuel electrode interface to the current collector, and the tortuosity of the anode that can

prevent effective gas flow.

It was found, that the effective active region within the electrode, where electrochemical
reactions take place, extends in the range of 5-20 um from the electrolyte/anode interface in Ni-YSZ
composite anodes (48-52). Maximising TPBs and concentration of fuel gas species through finer
microstructure in the active region and graded porosity may be a solution (53). Kishimoto et al claim
that the primary focus for optimisation of the fuel electrode microstructure should be the Ni
percolation from the anode surface to the anode—clectrolyte interface because it largely determines the
active reaction region. Poor Ni percolation shifts the active region far away from the electrolyte

resulting in high ohmic losses (52).

Porosity
Apart from the high concentration of TPBs desirable in SOC electrodes, it is also important that
the active sites are fully accessible by fuel reactants. For this reason the electrode requires a
continuous porous phase, as was mentioned above. In state-of-the-art electrodes more than 30 vol% of

open porosity is required to facilitate the transport of fuel reactants and products (21).

Moreover, highly tortuous paths for the transport of gaseous species inhibit the exchange of H,O
and H, and may obstruct fuel access to the active sites (22, 54, 55). This can be observed as a limiting
current behaviour at high current densities and/or low reactant partial pressures. Therefore, a low

tortuosity factor of the porous medium is desirable in a fuel electrode (45).

Electronic conductivity of the fuel electrode
Electronic conductivity of the electrode is dependent on the content of the electronic conductor

phase and its continuity, or percolation threshold (56). In a typical Ni-YSZ cermet above 30 vol% Ni
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result in about three-orders of magnitude higher conductivity (56, 57), corresponding to a shift in

conduction mechanism through the metallic phase, as shown in Figure 2.8.
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Figure 2.8. Variation of electrical conductivity measured at 1000 °C as a function of nickel concentration of

Ni/ZrO2(Y,0;) cermet fired at different temperatures (57).

Apart from composition, the electronic conductivity of the porous cermet is strongly influenced
by processing parameters, such as sintering and reduction conditions. As can be seen from Figure 2.8,
the conductivity of Ni-YSZ anodes was higher with higher sintering temperature. This difference was

linked to lower porosity obtained at longer or higher firing temperatures (57).

It is widely assumed that insufficient electronic pathways in the cermet electrode result in
reduced TPB length and lead to increasing overpotentials and losses in power output (56, 58-60). Ni
agglomeration at elevated temperatures due to the poor adhesion between metal and ceramic materials
may lead to the loss of the electronic pathways and subsequent decrease in performance (56, 58).
Thus it is crucial to create a robust percolated Ni network in the electrode in order to ensure high

performance and minimise degradation.
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Reduction conditions

Reduction conditions, especially temperature and the timing of hydrogen introduction to the
chamber, have a significant effect on the electronic conductivity and the microstructure of the porous
Ni-YSZ cermet electrode (33). It was found that Ni-Y SZ electrodes reduced at 1000 °C are about 2 to
4 times more conductive than those reduced at 800 °C (61). This difference was attributed to
differences in morphology of the electrode. Cermets reduced at 1000 °C show close contact between

Ni and YSZ particles than those reduced at 800 °C.

Furthermore, if hydrogen was introduced to the electrode at a high temperature (800 °C) after the
cell had been heated up in air or N,, the resulting electronic conductivity was high and the cell bulk
resistance was about 100 times lower than that achieved in a cermet that was exposed to hydrogen
starting from room temperature (33, 62). The reason for that is the formation of isolated spherical Ni
particles during reduction of NiO at lower temperatures, rather than a formation of a continuous metal
network, if NiO was reduced at high temperatures. When reduced at low temperatures, porous Ni
particles tend to agglomerate and restrict the access of hydrogen to the Ni/NiO interface thereby
preventing further reduction (63). In the light of these findings an appropriate procedure was used for

reduction of samples as discussed in section 3.2.5.

2.7.2 Materials and performance of fuel electrodes

Ni-based electrodes

A Ni/YSZ porous cermet is a state-of-the-art fuel electrode for SOFC operated with H,, due to its
compliance with the requirements listed above (64-67). In comparison to electrochemical activities of
Mn, Fe, Co, Ni, Ru, and Pt for H, reduction, Ni showed the highest activity (68). It also has good
electronic properties and is relatively abundant. Therefore nickel is the most commonly used metal

catalyst for SOC purposes (7, 66).

As was mentioned above, the main advantages of SOC over other fuel cells is the ability to

operate in either power or fuel generating modes and fuel flexibility. To explore these capabilities, the
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main research interests are the electrochemical performance in fuel cell and electrolysis modes,

degradation issues and performance with different fuels (such as hydrogen and hydrocarbons) (69).

Eguchi et al investigated the electrochemical performance of Ni/YSZ electrodes in FC and EC
modes for H, production. The i—V curves and polarisation characteristics using Ni-YSZ and Pt as the
cathode was studied (60). It was found that the Ni—YSZ cermet performed well in SOFC mode but
suffered from higher overpotentials in SOEC mode. It was postulated that the Ni particles were
oxidized to form a less active layer, resulting in low activity under electrolysis conditions. Formation
of the oxide may be prevented by the use of ceramic materials that are known to have oxygen storage
capabilities as suggested by Kim et al (41). The authors conclude that higher electrochemical
performance of Ni/GDC electrode compared to Ni/YSZ electrode is likely to be as a result the
mechanism in which oxygen storage capacity of GDC helps to suppress the oxidation of the Ni

surface (41).

Conventional fuel electrodes are fabricated by sintering a mixture of NiO and YSZ in air at high
temperature (~1400 °C), followed by reduction. Reduction of NiO to Ni is accompanied by negligible
change in the electrode dimensions (1%), hence introducing more porosity to the electrode (70).
However, upon re-oxidation there is a significant total electrode volume change (~3-9%) that could be
damaging for the electrode and cause electrolyte cracking due to internal stresses (71). This redox
cycling damage is a major issue for SOFCs employing Ni-based anodes due to dimensional instability

of the electrodes associated with irreversible expansion of Ni upon re-oxidation (62).

Performance degradation was also observed due to micro-structural changes, as Ni particles tend
to agglomerate at high temperatures and H, environments, leading to a loss of the continuous
conductive network (58). Other durability studies have shown that Ni-YSZ electrodes undergo
degradation in oxidizing atmospheres, formation of undesirable glassy phases and suffer from the
damaging impact of impurities and carbon poisoning, when cells are operated with CO, or

hydrocarbons, either directly or with steam (38, 72-79).

The carbon formation in electrolyte-supported Ni/YSZ SOFC anodes exposed to CO/H, mixtures
at 800 °C has been investigated (76). It was found that significantly more carbon was deposited on the
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anodes exposed at OCP to feeds containing CO/H, mixtures than to pure CO. The mechanism of
carbon formation from CO/H, mixtures is not fully understood but may imply that hydrogen possibly
assists CO dissociation. At high temperatures, carbon dissolves in nickel, resulting in swelling and

leads to eventual internal stress and electrode delamination (77).

The effect of carbon deposition on both Ni/YSZ and Ni/ScSZ cermet SOFC anodes was studied
in a methane-rich environment (80). It was shown that carbon deposition was significantly less for
Ni/ScSZ than for Ni/YSZ. The reduction in carbon deposition on the Ni/ScSZ anode was probably
due to the presence of 1 mol% CeO, dopant within the ScSZ in the anode, which improved the

catalytic activity and resistance to coke formation.

Degradation of the SOEC with a Ni/YSZ electrode for the electrolysis of CO, was studied for
several thousand hours at 850 °C (72). It was found that the passivation is independent of the applied

current density in the range up to —0.50 Acm > and is not caused by coke formation, but by impurities

in the gas stream, most likely sulphur adsorbed on specific nickel sites in the cathode.

Sensitivity of Ni/YSZ electrodes for sulphur was studied in the SOFC mode across a wide range

of H,S concentrations (0.05 ppm to several thousand ppm) in H, fuel and temperatures (600-1000 °C)

(81-83). The most important trends to draw from these studies are that the extent of sulphur poisoning
increases with sulphur concentration, and decreases at a given concentration with increasing
temperature. It was also shown that Ni/ScYSZ anodes demonstrated improved tolerance towards

sulphur (83).

To summarize, the main issues of the Ni-YSZ electrodes are lower performance in the
electrolysis mode compared to the fuel cell mode, low redox stability, microstructural degradation at
elevated temperatures, decreased performance with CO,/CO/CH, as Ni catalyzes the formation of

carbon deposits, and sensitivity to sulphur poisoning.
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Ceria-based electrodes
Fuel cells that operate by direct oxidation of hydrocarbons could have significant advantages over
those require hydrogen as the fuel. Unlike hydrogen, hydrocarbon fuels are readily available and are
currently used in other applications. Thus, there is already an existing infrastructure to support the use
of hydrocarbons on a wide scale. Moreover, significant problems associated with hydrogen storage
have yet to be solved. For all of these reasons, it would be highly desirable to operate fuel cells on

hydrocarbon fuels (49, 84).

Due to the issues with the performance of Ni-YSZ electrodes discussed above, especially carbon
poisoning, much research is devoted to finding candidates to replace Ni-YSZ electrodes (67).
Excellent reviews on alternative materials for SOC electrodes can be found in (64, 67, 85, 86). Doped
ceria is a promising material for SOC electrodes because it displays mixed ionic and electronic
conductivity in reducing atmospheres, provides high catalytic activity for H, and CH, oxidation and
CO; reduction, and exhibits increased resistance toward coking and sulphide formation (11, 46, 87-
92). Most common ceria-based ceramics are gadolinia (or samaria)-doped ceria (GDC or SDC). Ceria
doped with a rare earth metals has the same oxygen-deficient fluorite structure as YSZ. In recent years
there has been increasing interest to include ceria as a component in SOFC anodes, whether as a

functional inter-layer, as an infiltrated catalyst or as the main oxide phase (46, 88, 93-96).

The combination of Ni and doped ceria based anodes for H, oxidation has been acknowledged
previously as it exhibits better performance than conventional Ni-YSZ anodes with hydrogen or
hydrocarbons (41, 89, 92, 97-103). The electrochemical performance of Ni/GDC and Ni/Ru-GDC
electrodes was studied for high temperature co-electrolysis (41). It was found that the Ni-GDC and
Ni/Ru—GDC celectrodes had higher electrochemical performance in electrolysis mode than the Ni—
YSZ electrode over a range of temperatures (550-800 °C) as shown in Figure 2.9. Authors suggested

that even small additions of Ru accelerated the electrocatalytic properties of the electrode.
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Figure 2.9. Potential of electrolyte supported cells (H, electrode/YSZ electrolyte/Pt reference electrode),
having Ni-YSZ, Ni-GDC and Ni/Ru—GDC H, electrode as a function of current density when the electrode
operated under steam electrolysis (H,0/H, = 50/50: 38% H,0 + 38% H, + 24% N,), CO, electrolysis mode
(C0O,/CO =50/50: 25% CO, + 25% CO + 50% N,), and co-electrolysis of H,0/CO, (22% CO,, 22% CO, 22% H,0,
22% H,, 12% N,) at 800 °C (41).

The use of samaria-doped ceria (SDC) cathode with dispersed Ni catalyst was evaluated for H,O
electrolysis at 900 °C (104). Low ohmic resistance and cathode overpotential was obtained for a

17vol%Ni-SDC cathode, probably due to the formation of sufficient reaction area and a good

electronic network.

Even small additions of ceria have proven beneficial to the catalytic activity of the anode (84,
105). When the Ni-YSZ electrode was impregnated with the GDC solution (GDC loading of 0.26
mgem?), the electrochemical performance in fuel cell or electrolysis mode in H,/H,O increased
significantly (105) as shown in Figure 2.10. It was found that 10 wt% ceria additions to Cu-YSZ have
a profound effect on the performance of SOFCs operated with H, and butane. This seems to be related

to the ease with which ceria can be reduced by H, and hydrocarbon fuels (84).

51



Chapter Il: Literature Review

SOEC SOFC
—~ 0.1000 1
E ~\\
(3]
<
E 0.0100 -+ 800°C x”::
[ H,O/H, = 70/30 a0
-

@ %% 5
© 1)
S 00010 1% Rh/GDC-impregnated Ni-YSZ xa
= o GDC-impregnated Ni-YSZ
B o Ni-YSZ s

A Ni-GDC i

0.0001 r v T r T .
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Overpotential (V)

Figure 2.10. Current/overpotential of GDC-impregnated Ni-YSZ, Rh-GDC-impregnated Ni-YSZ, composite Ni-

YSZ, and composite Ni-GDC electrode during electrolysis and galvanic mode (800 °C, H,0/H, = 70/30) (105).

The effect of microstructure on the performance of Ni-GDC cermet anodes and GDC electrolyte

has been explored by Zha et al (92). The interfacial polarisation resistance between electrolyte and the

anode at 600 °C was decreased from 1.61 Qcm? for the anodes prepared using commercially available

powders to 0.06 Qcm? for those prepared using fine precursor powders of NiO and GDC derived

from a glycine — nitrate process (Figure 2.11). The excellent performance in humidified H, was

attributed to a fine microstructure, obtained in the later anodes.
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Figure 2.11. Impedance spectra of fuel cell Ni-GDC anode measured under open circuit conditions at 500-650

°C using a two electrode configuration. Both NiO and GDC in the anode are synthesised by the glycine —

nitrate process (92).
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As was mentioned previously, the mixed ionic and electronic conductivity nature of the doped
ceria under reducing conditions is an advantage for SOFC electrodes. In the case when the fuel
electrode exhibits solely electronic conduction the effective electrochemical reaction zone at electrode
of SOFC is limited to the physical TPB length. In contrast, the use of mixed-conducting anode is
expected to enlarge the effective electrochemical reaction zone (21, 46, 106). The results of the
electrochemical measurements performed by Nakamura et al suggest that the reaction zone extends
beyond the TPB in porous GDC anodes (107). This can lead to a significant drop in the activation
polarisation and yield remarkable improvement in electrical efficiency (21). Chueh et al (46) further
claim that metal-catalysed pathways do not contribute significantly to electrocatalysis, and that the
metallic phase need not be contiguous because the mixed conducting oxide facilitates electron
transport. However, Jiang et al (108) state that percolated structure of metal nano-particles would be

more beneficial for electronic conductivity of the Ni-Ceria based electrode.

2.8 Manufacturing methods for SOC electrodes

2.8.1 Microstructural engineering
Fabrication methods play a crucial role in determining the properties of the electrode through

microstructural optimization. Generally, there are two types of fabrication techniques (96, 109):

(a) Deposition at room temperature followed by high temperature firing, for example, tape
casting, tape calendaring, screen printing, sol-gel, and colloidal deposition such as slip
casting, electrophoretic deposition and spray/dip coating.

(b) Depositions at elevated temperature such as chemical vapour deposition (CVD),
electrochemical vapour deposition (EVD), atmospheric or vacuum plasma spraying, laser

reactive deposition and spray pyrolysis.

These techniques can also be classified according to the physical state through which the
electrodes are fabricated (vapour, liquid, gas). Characteristics of different techniques are summarized

in Table 2.2.
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Among different fabrication techniques screen printing is currently the most widely used as it is

suitable for both scientific and commercial use due to reproducibility, low cost and robustness (110).

Conventional fabrication methods for Ni-YSZ electrodes, such as tape casting or screen printing,
involve ink preparation from a mixture of NiO and YSZ powders, followed by sintering at 1300-
1400°C, and subsequent reduction in hydrogen rich atmospheres at 800-1000°C. However, operating
cell at high temperatures can lead to Ni particles agglomeration and coarsening, with associated loss

of connectivity and reduction in TPB length (64).

This limits the ability to control and optimize electrode microstructure (106, 108). Additionally,
it has been shown that conventionally produced electrodes can exhibit high tortuosity obstructing gas
access to/from some of the active sites (45, 54). Furthermore, under reduction-oxidation (redox)
cycles Ni-YSZ cermets experience dimensional changes due to the formation of nickel oxide resulting

in decreased mechanical stability of the cell (62, 78).
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Table 2.2. Comparison of the methods for producing thin and dense films for SOFC applications, adapted

Technique

Film characteristics

Process features

Microstructure Deposition rate or Cost Characteristics and limitations
thickness
Vapor phase
Thermal spray 100-500 pmh'1 High deposition rates, various
technologies compositions possible, thick and porous
coatings, high temperatures necessary
EVD Columnar 3-50 pmh'1 Expensive High reaction temperatures necessary,
structures equipment and | corrosive gases
processing costs
CVvD Columnar 1-10 umh’1 Expensive Various precursor materials possible,
structures equipment high reaction temperatures necessary,
corrosive gases
PVD (RF and Columnar 0.25-2.5 umh’1 Expensive Tailor-made films, dense and crack-free
magnetron structures equipment films, low deposition temperatures,
sputtering) multipurpose technique, relatively small
deposition rate
Laser ablation Expensive Intermediate deposition temperatures,
equipment difficult upscaling, time-sharing of laser,
(laser) relatively small deposition rate
Spray pyrolysis | Amorphous to 5-60 umh'1 Economical Robust technology, upsealing possible,
polycrystalline easy control of parameters, corrosive
salts, post-thermal treatment usually
necessary
Liquid phase
Sol-gel, Liquid Polycrystalline 0.5-1 umfor each Economical Various precursors possible, very thin
precursor route coating films, low temperature sintering,
coating and drying/heating processes
have to be repeated 5-10 times, crack
formation during drying, many process
parameters
Solid phase
Tape casting Polycrystalline, 25-200 pm Robust technology, upscaling possible,
slightly textured crack formation, porous
Slip casting and | Polycrystalline 25-200 pm Economical Robust technology, crack formation,
slurry coating slow
Tape Polycrystalline 5-200 um Upscaling possible, co-calendering
calendering possible
EPD Polycrystalline 1-200 pm Short formation time, little restriction
to shape of substrate, suitable for mass
production, high deposition rates,
inhomogeneous thickness
Transfer Polycrystalline 5-100 um Economical Robust technology, rough substrate
printing surfaces possible, adhesion on smooth
substrates difficult
Screen printing | Polycrystalline 10-100 pm Economical Robust technology, upscaling possible,

crack formation, porous
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from (111)

As discussed earlier, apart from material composition issues, the microstructure of the anodes,
particularly if they are cermets, plays a key role in their performance (44). 3-D representations of the
importance of the anode microstructure for SOFC performance was studied by Barnett et al (112,
113). Specifically, a well-defined ceramic scaffold is necessary to avoid agglomeration of the metallic
particles in the cermet electrodes. It is important to ensure a good connectivity along the metallic
pathways of the cermet, since the metal is more prone to the generation of isolated, and therefore

electrochemically inactive, areas than the ceramics (113).

In addition to good connectivity, low tortuosity and sufficient porosity, the activation
polarization resistance of the electrode can be decreased by shifting the effective particle diameter of
the catalytic phase from the micro- to the nano-scale. This dramatically increases the three-
dimensional triple phase boundary (TPB) density (114). However, this particle size reduction must be
done without negatively impacting percolation of the ionic/electronic and gas phase conduction paths
that contribute to the electrode ohmic and concentration polarization, respectively (114). Therefore,
different nanostructured scaffold approaches have been proposed to allow better control of the

microstructure and materials selection (49, 99, 115, 116).

The porosity of the electrodes can be controlled by addition of pore formers — polymethyl
methacrylate (PMMA) beads or graphite. The shape of the pore formers defines the shape of pores in
the porous YSZ matrix as shown in Figure 2.12 (117). The YSZ made with the addition of PMMA
shows large spherical pores between 50 and 100um in diameter Figure 2.12a. The pores were similar
in shape and slightly smaller than the PMMA beads (Figure 2.12b). Irregular graphite particles

(Figure 2.12d) led to the formation of a porous structure with irregular pores (Figure 2.12c¢).

Alternatively, a highly porous YSZ scaffold can also be prepared by acid leaching Ni from a
Ni/YSZ cermet (118). Ni leaching of the 80 wt% NiO — 20 wt% YSZ led to 47 % porosity. Recently,
Almar et al reported homogenous, continuous and interconnected networks of Ni, GDC and open

porosity fabricated by synthesizing a mesoporous NiO—CGO composite (99).
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100 microns

Figure 2.12. SEM micrographs of: (A) YSZ made with addition of 36wt% PMMA, (B) PMMA, (C) YSZ made
with addition of 36wt% graphite and (D) graphite (117).

The key consideration in the development of nano-structured SOFC electrodes is to bypass the
high processing temperature via the deposition of catalytically and/or electrochemically active
nanoparticles into a rigid and pre-fired electronic and/or ionic conducting electrode scaffold (119).
Among other fabrication methods, wet infiltration enables this, as will be further discussed in section

2.8.2.

2.8.2 Wet infiltration techniques for electrodes fabrication

An infiltration process involves the deposition of a metal salt or nanoparticle suspension
solutions into a pre-fired porous scaffold of the electrode to form nano-sized particles on the scaffold
after decomposition at relatively low temperatures (~500 °C). The infiltrated catalytically and/or
electrochemically active nanoparticles can form discrete distributions or a thin and continuous
network on the surface of the porous scaffold, as schematically shown in Figure 2.13 (114). The
sequence of deposition — decomposition can be repeated several times to achieve higher loadings of

infiltrated material (115).
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Figure 2.13. Infiltrated nano-structured electrodes on pre-sintered porous electrode or electrolyte

scaffold/skeleton (114).

This method has been widely investigated (87, 108, 116-119). Infiltration of materials into a
ceramic support can be used as an integral technique for introducing catalysts, such as Pd, Ru, Rh or
ceria (41, 105, 120). Since the amount of infiltrated material is low, this prevents the loss in porosity
and allows better control of the microstructure (96, 119). Analysis show that the TPB length of
infiltrated electrodes may be about two orders of magnitude higher than of that of more conventional
composite cermet electrodes (121). By avoiding the use of elevated processing temperatures it should
be possible to prevent Ni coarsening without compromising the electrocatalytic properties of the
electrode. It was found that YSZ porous electrodes infiltrated with Ni nano-particles show better

redox performance due to their dimensional stability (108, 122).

Small (catalytic) amounts of Ni (90, 104, 123-127) or GDC (105, 116, 127, 128) added into
metal, ceramic or cermet scaffolds by wet infiltration have proven to improve electrochemical
performance. However in these studies the infiltrated phases are not interconnected and therefore their
efficiency is site-dependent. A repeating infiltration step, leading to a connected network of nano-
particles, provides substantially improved electrode performance (108). The total amount of
infiltrated material needed to achieve a percolated structure by wet infiltration techniques is
significantly lower than by conventional techniques. It was shown that only 9 wt% of infiltrated Ni
was required to attain a percolated structure (129) in comparison with 30-40 wt% for conventional
electrodes (21, 122, 129). Percolated structures are potentially expected to allow better current
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distribution along the electrode and to enhance both conductivity and electrochemical performance
(108). Synergistically interconnected metal and ceramic phases create a complex structure with
increased number of active sites for electro-chemical reaction and multiple pathways for charge

carriers. At the same time the scaffold ensures the structural stability of the electrode (122).

In this thesis the wet infiltration technique for SOC electrode fabrication is used to create porous

GDC scaffolds with an interconnected network of infiltrated nanosize Ni particles.

2.9 Direct Metal Laser Sintering for SOC electrode fabrication

2.9.1 Introduction

Selective Laser Sintering/Melting (SLS/M), is an additive laser manufacturing (ALM) process
that initially was developed in the early 1990s for 3-D rapid prototyping (130). In SLS 3-D freeform
objects with a CAD (Computer-Aided Design) - defined geometric model are produced by sintering
together successive layers of powder material. The SLS process is capable of sintering complex
geometries from wide range of materials (wax, polymers, cermets, metals, alloys and some ceramics)

offering a cost-effective and rapid production of physical parts.

Although SLS has been developed for 3-D prototyping, it is now used for variety of applications,
such as tooling, molds, bio-medical, aerospace and automotive parts, etc. Direct Metal Laser Sintering
(DMLS) is an SLS process, in which only metallic powders are used. Being a relatively new
technique, DMLS is still in a development stage and parameters for many applications and materials

have not been developed yet and therefore the process relies on empirical knowledge (131).

2.9.2 Principles of DMLS
A diagram illustrating the principle of the DMLS system is shown in Figure 2.14. In the process
the heat from the laser beam is selectively transferred to the powder by scanning cross-sections

generated from a 3-D CAD drawing of the part. A scanner system ensures that the laser is precisely
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switched on and off, exposing only designated areas. The metal powder absorbs the laser energy.
When the laser couples with the powder, plasma above the powder is formed thus providing the heat
to melt the powder. Sintering occurs between the powder particles within single layer and already

solidified areas from the previous layers.

After completing each cross-section the powder bed is lowered by one layer thickness and
powder delivery system is raised by one layer thickness. This is followed by application of a new
layer of powder material on the top of the part surface by a roller. This process is repeated until the 3-

D part is completed.

POWDER BED

SELF SUPPORT

POWDER
DELIVERY
SYSTEM

Z STAGE

Figure 2.14. Schematic diagram of the DMLS system.

Depending on process parameters that will be described later in this section it is possible to

produce three-dimensional parts with high complexity and accuracy and in a relatively short time.

Heat transfer in SLS occurs due to a coupling effect, in which the radiation of the laser is
adsorbed by the powder as illustrated in Figure 2.15. The heat is then transferred to the inner layers of

the powder binding together the upper and the inner layers.
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Figure 2.15. Diagram of laser coupling with powder.

A wide range of metals/alloys for variety of applications could be sintered using DMLS.

Table 2.3 outlines examples of materials, advantages and applications for parts fabricated by DMLS

(http://gpiprototype.com/).

Table 2.3. Examples of materials and applications of DMLS-fabricated parts (http://gpiprototype.com/).

Material

Advantages / Applications

Stainless Steel (PH1)

Stainless Steel (GP1)

Cobalt Chrome (MP1)

Maraging Steel (MS1) - Tooling Steel

Titanium Alloy Ti-64

Aluminum AlSi10Mg

Nickel Alloy IN718

* Prototype / Production Parts

* High Toughness, Ductility, Strength
* Prototype / Production Parts

* Good Mechanical Properties

* Turbines & Engine Parts

* High Temperature Resistance

* Injection Molding Tooling

* Conformal Cooling Channels

+ Easily Machinable & Excellent Polishability
* Aerospace Parts

* High Strength & Light Weight

* Low Weight Applications

» Automotive & Racing Applications
* Thermal Parts

* Turbine Engines

* Rocket & Aerospace Applications

* Chemical Industry Parts

» Heat & Corrosion Resistant
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2.9.3 Process parameters

There are many parameters in DMLS that determine the quality and the properties (mechanical
properties, density, etc) of the sintered object. To achieve optimum characteristics process parameters
are set in accordance with sintered material and the requirements of application for the object. The
parameters can be classified to material, laser, scanning and environment parameters, as summarised

in Table 2.4.

The effect of materials and some of the process parameters on the properties of the sintered part

is explained in the following sub-sections.

Table 2.4. Material and process parameters in DMLS.

Materials parameters Laser parameters Scan parameters Environment
parameters
Powder chemical Mode (continuous or Scan speed Preheating temperature
composition pulsed)
Scan distance Pressure
Powder dimensions Wave length
Hatch spacing Gas environment
Shape of grains Power
Layer thickness
Powder flow properties Frequency
Scan pattern
Wettability Spot size (diameter)
Thermal properties Beam offset
Materials Parameters

The choice of powder material will dictate the mechanism by which sintering of the powder
occurs. Physical mechanisms responsible for sintering in SLS are solid-state sintering, liquid-phase
sintering, viscous flow binding, curvature effect and whole melting. For example, in nano-crystalline
materials, the particle curvature is a driving force for sintering. Often a combination of two materials
with different melting points is used, where the low melting temperature material serves as glue
between the particles. If the temperature in the powder bed reaches melting point this would be
advantageous for densification of the part, though shrinkage in dimensions can occur (131). Wetting

between particles, when two or more materials used, is a very important parameter to ensure
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homogeneous structure and to prevent ‘balling phenomena’ or separation between different materials

(132).

Powder flow property defines how easily the powder will be spread over the surface. This
property will depend mostly on powder particle size and its shape. It is preferable to use round-shaped
particles and there is a minimum particle size that can be used for each material. Smaller particles
provide larger surface area and increased surface energy and therefore are capable to absorb more
laser energy leading to a higher sintering rate (133). Smaller powder particle sizes enable better
surface finish, higher accuracy, and thinner layers. However, smaller powder particle sizes have a
tendency to become airborne and float as a cloud of particles in the chamber and some materials can
become explosive (134). The minimum particle size is normally defined by the SLS equipment

manufacturer.

Laser and Scan Parameters

Laser, scan and environment parameters control the laser sintering process. The combination of
these process parameters defines the amount of energy delivered to the powder surface. Given the
same material properties, the amount of the energy available for laser irradiation-material interaction
in a single layer is mostly dependent on laser type, laser power (P), scan rate (V), hatch spacing (H),

layer thickness (T) and scan pattern.

Laser Power is the power available from the laser beam at part surface. This parameter should be
set to ensure that the temperature at the powder bed surface will reach a material melting point during
scanning (135). On the other hand, the evaporation of the powder may occur if the temperature on the

powder surface is too intensive (133).

The scanning system can be programmed to follow different patterns as shown in Figure 2.16.
Depending on a scan pattern, variations in mechanical properties in different directions, e.g. tensile
strength, can occur, as shown schematically in Figure 2.17. Therefore the pattern is to be chosen

varies according to application of the part.
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Figure 2.16. Different scanning patterns of the laser beam.

Laser beam diameter is a characteristic of a laser (Figure 2.18). But the diameter of the sintered
zone is larger than laser diameter (effective laser beam) due to the heat-affected zone (HAZ). To
compensate for the dimensional error the laser beam is shifted by half of the HAZ width from the
contour of the part to the inside. This shift is a process parameter named beam offset (Figure 2.18)

and it is directly related to the dimensional accuracy of the object (136).

* *
“l““l [
(I

P2 &

XandY

*

i

z ¥ A 4

Figure 2.17. Schematic diagram illustrating differences in mechanical properties through different axes of

the SLS part.

Hatch spacing is a distance between the two closest sintered lines (Figure 2.18). Hatch spacing
should be set to a value that will assure sintering of all particles, and therefore it affects the integrity

of the part and its density. Normally it is set about quarter of the laser beam.

Scan rate is the speed of the laser when it scans the powder. It defines the duration of the heat
exposure on a single powder segment. Together with laser power it will define the amount of the

energy per segment, according to eq. 2.13:

Laser Power [W] 2.13

Energy density [J/m] = —— Speed [m/sec]

64



Chapter Il: Literature Review

Hatch lines Fiioh ST

Boundary Contour lines

Beam offset (BO)
Layer powder bed

Diameter of curring zone or

Effective laser beam ;
Sintered layers

— Layer thickness (d)

?

Contour speed
(Csp) Hatch S%Jeed
(H,,

Laser beam diameter
Figure 2.18. Scan parameters in SLS (136).
Energy density increases with higher laser power input and lower scan speed. If the temperature

exceeds the melting point at high scan rates, it can be beyond the boiling point at low scan rates.

Layer thickness parameter is another important parameter. If its value is too high the temperature
gradient from the laser may be insufficient to sinter together subsequent layers and in this case the
integrity of the part will be compromised. Generally, with increasing the layer thickness lower density

is achieved. Also the layer thickness will affect the total processing time.

2.9.4 Relevance to fuel cells

Direct Laser Metal Sintering could potentially offer a highly controllable technology for
microstructure optimisation of SOC electrodes. Due to flexibility in process parameters and variety of
materials that can be used, it is possible to create a microstructure with different porosity and pattern

by regulating the parameters of the laser.

Only limited studies employing SLS for the fabrication of ceramic parts have been reported.
Some studies identify a challenge to achieve high density of ceramic parts produced by SLS (137).
Whilst low density remains a drawback for certain applications, porosity might be turned into a

benefit in ceramic or cermet porous scaffolds for SOC electrodes.
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There are only few studies on using SLS in the fuel cells field. Recent publications discuss the
use of SLS for manufacturing PEMFC graphite current collectors (138-141). However, to date there

are no studies reported on using SLS for fabricating electrodes for SOCs.

Due to the potential advantages it seems to be attractive to evaluate the feasibility of using laser-

based additive manufacturing technology for SOC electrodes fabrication.

2.10 Summary of the literature review

The present literature review outlines general aspects of SOC as well as highlights the
requirements for SOC components — electrolyte and electrodes. In summary, the possible pathways
for SOC fuel electrodes performance optimisation are two-fold: materials development to achieve
good catalytic properties; and improvement of the microstructure to enlarge the number of active sites

and to ensure effective access of the fuel species to the active sites.

Mixed ionic and electronic conductors (MIEC), especially ceria-based materials for fuel
electrodes, have been acknowledged in many studies due to their good catalytic properties for H, and
CH,4 oxidation and CO, reduction, increased resistance toward coking and sulphide formation (46,
87). Compared to state-of-the-art Ni-YSZ, ceria based fuel electrodes show better performance when

operated with hydrocarbon fuels at lower temperatures (103, 105).

The microstructure can be optimized through fabrication techniques. The most common
fabrication methods for electrode preparation are screen printing or tape casting. As was stressed in
the review, the main drawbacks of these methods are exposure to high temperatures during cell
preparation and relatively low ability to control the microstructure. Infiltration technique, in which
catalytic amounts of the metal phase are incorporated into porous ceramic matrix, is potential
solution. The main advantages of this method are that the porous phase and the amount of infiltrated
material(s) can be independently controlled, and that no exposure to high temperatures is required.
Jiang et al also point out the importance of the percolated metal phase in nanostructured electrodes

(108, 114).

66



Chapter Il: Literature Review

Therefore, the combination of percolated Ni-ceria based electrodes and nanostructured approach
seems to be promising for high performance fuel electrodes. However in the studies mentioned above
such combination was not investigated. Demonstrated was performance of electrodes with only
catalytic amounts of ceria or Ni infiltrated into YSZ or other scaffolds. This gap is addressed in the
present research that explores the benefits the two-fold approach brings about — a combination of

ceria-based electrodes infiltrated with Ni nanoparticles forming percolated microstructures.

The principles and advantages of the additive manufacturing techniques, specifically Direct
Metal Laser Sintering, were outlined. Using DMLS the microstructure can be controlled by regulating
the parameters of laser. Furthermore, this technique is easily scalable and thus can potentially offer an
effective way of mass production of the cells. No studies have been reported regarding the fabrication

of SOC electrode using DMLS, thus making the present research the first of its kind.

2.11 Scope of this thesis

As was mentioned, the appropriate combination of materials and microstructure is a key
requirement to meet both performance and lifetime targets. Aiming to meet both materials and
microstructural requirements, in this study an electrode for SOC application was made by infiltration
of a porous GDC scaffold with Ni nano-particles to form a percolated structure. The study explores

the microstructure and electrochemical performance of these electrodes.

In addition, a novel approach for electrode preparation by Selective Laser Sintering (SLS) was
evaluated as a proof of concept study. By regulating the parameters of the laser (laser power and laser
speed) this method enables the porosity and pattern of the electrode to be controlled. The feasibility of
using this novel technique for solid oxide cells was demonstrated. In prospect, the combination of the
two techniques may allow the scaffold preparation by SLS followed by infiltration, as a method for

preparing high performance ‘electrodes by design’.
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CHAPTER Il

GENERAL METHODOLOGY

3.1 Introduction

The goal of this chapter is to outline a methodology for cell preparation, testing and
characterisation used in this research to study the performance of Ni-infiltrated GDC fuel electrodes
for SOCs. First the procedure of cell preparation is explained, including the fabrication of the Ga-
doped ceria (GDC) ink for screen printing, screen printing procedure for porous GDC scaffold
fabrication, and the incorporation of Ni nano-particles into the GDC porous structure by the

infiltration method. Then the experimental set-up for cell testing is demonstrated.

This is followed by the detailed explanation of the cell testing methodology including electronic
conductivity measurements of infiltrated electrodes and electrochemical performance assessed by
Electrochemical Impedance Spectroscopy (EIS) in a symmetrical cell and a three electrode cell
configurations. Finally, methods for two-dimensional and three-dimensional imaging by SEM and
FIB-SEM, respectively, to study the microstructural evolution of the infiltrated electrodes, are

outlined.

The methodology of electrode fabrication by laser sintering is described in Chapter V (laser

sintering for SOC electrode fabrication).
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3.2 Cell preparation

In this section the process of cell fabrication is described. There are two types of cell

configuration used in this study, symmetrical cells in two electrode configuration and full cells in

three electrode configuration. Symmetrical cells consist of two identical fuel electrodes, one on each

side of the electrolyte. The full fuel cells consist of anode (also referred to as the fuel or working

electrode (WE)) fabricated on one side of the electrolyte, and the cathode (also referred to as the air or

counter electrode (CE)) and reference electrodes (RE) fabricated on the other side. Taking into

account the differing fabrication methods used, three types of cells were used in the research:

symmetrical and full cells with infiltrated fuel electrode, and full cells with laser sintered fuel

electrodes. Table 3.1 summarizes the fuel cell configurations with component dimensions and

fabrication methods used in the research. Only the methodology for infiltrated electrodes preparation

is included in this chapter.

Table 3.1. Summary of fuel cell configurations, cell dimensions and fabrication methods used in this study.

Cell

Top View, components and dimensions

Symmetrical
(two
electrode)
cell with Ni
infiltrated
GDC
electrodes

Cross Section, dimensions and preparation processes

Full
(three
electrode)
with
infiltrated
GDC  fuel
electrode

Cell

Ni

Full
(three
electrode)
with  laser
sintered fuel
electrode

cell

10-20 um_____ T Screen Printed custom made GDC
270 pm Commercial electrolyte, YSZ
10-20 pm Screen Printed custom made GDC
] e
Infiltration
1020 yum™ Screen Printed custom made GDC

270 pm ! ICommerciaI electrolyte, YSZ
10-20 um Screen Printed commercial LSCF-GDC

Infiltration :::
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1020y~ Laser Sintered electrode
270 pm Commercial electrolyte, YSZ
10-20 pm Screen Printed commercial LSCF-GDC

The manufacturing steps of cell preparation are shown in diagram in Figure 3.1.
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Auxiliary
Powder Materials

N 4
Milling

.L

Ink

Substrate .L

N Screen

| Printing
~L .

Drying

J,

Sintering

Figure 3.1. Flow chart representing the manufacturing processes of cell preparation (1).

3.2.1 GDC ink preparation for fuel electrode scaffold

In this study two GDC scaffolds were studied. The resultant scaffolds varied in pore size

depending on the pore formers (or their absence) used for ink preparation. For the ink number 1

(ink#1) no pore formers were used and for the ink number 2 (ink#2) 20 pm microbeads were used as

pore formers (40 vol%). Materials and equipment used for ink fabrication are detailed in Table 3.2.

Table 3.2. Materials and equipment used for ink fabrication.

Equipment or material

Details

Supplier

Ce(.9Gdy, 10 05 (GDC) powder

PMMA microbeads for ink#2

Dispersant

Binder

Solvent

Triple Roll Mill

Particle size: 0.1-0.4 um

Surface area: 5-8 m%/g
20 pm

Hypermer KD15
Ethylcellulose N7 grade
Terpineol

Three horizontal zirconia rolls
rotating in opposite directions and
different speeds relative to each
other

Fuel Cell Materials

Croda

IMCD UK/Hercules

Sigma Aldrich

EXAKT 80E, Germany
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The steps for the GDC ink fabrication are detailed below:

1. Mixing GDC powder with dispersant and acetone for 24 hrs using a ball mill.
2. Drying the wet powder in an oven at 90 °C for 3 hrs.
3. Mixing dry powder with the binder and the solvent in an agate mortar.

4. Homogenizing the resultant mixture using a triple roll mill.

The total solid fraction in the ink was 75 wt%.

3.2.2 Screen printing and sintering of electrodes
In this research SMTech-90 series screen-printer was used for fabrication of the following

components.

e GDC scaffold for both electrodes in symmetrical (two-electrode) cell
e GDC scaffold for the anode in a full fuel cell

e LSCF-GDC cathode for full fuel cells

The screen printing steps are schematically shown in Figure 3.2.

Paste Squeege
Screen ety

Substrate

Leveling

Deposited
Film

Wet Film

Figure 3.2. Schematic representation of the screen-printing process (2).
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The main elements in screen printing are: the screen, which is the image carrier, the squeegee
and the ink. The screen uses a porous mesh stretched tightly over a frame made of metal. The ink is
placed on top of the screen. The ink is then drawn across the screen using a squeegee, applying
pressure and thereby forcing the ink through the open areas of the screen, forming a film on the
printing substrate (2). The conditions of screen printing parameters used in this research are

summarised in Table 3.3.

Table 3.3. Screen printing parameters and conditions.

Parameter Conditions
Print speed 0.02 m/s
Squeegee type Polyurethane
Squeegee load 6 kg
Squeegee length 12.7 cm
Number of passes 2

Screen mesh type 325

Snap off (print gap) 2 mm

The GDC film (approx. 20 pm in thickness) was screen printed on 8YSZ disk-shaped
electrolytes of 270 um thickness (Fuel Cells Materials) and then sintered at 1350 °C for 2 hrs aiming
to achieve 50% porosity in the resultant GDC scaffold. For the symmetrical (two-electrode) cell the

GDC scaffold was fabricated on both sides of the electrolyte following the same procedure.

According to Sammes et al, ceria and fully stabilised zirconia show only limited solubility in one
another (3). Tompsett et al reported that the reactivity of Gd-doped CeO, with YSZ is low, and only
after treatment at 1300 °C for 72 hrs did the diffusion of ions occurr between polished ceramic discs
in intimate contact (4). The sintering procedure in this research included a dwell time of only 2 hrs in
1350 °C and therefore significant reaction between doped ceria and stabilized zirconia reaction is not

likely.

For (three-electrode) fuel cells the air (counter and reference) electrodes were screen printed

simultaneously on the other side of the electrolyte using an LSCF-GDC ink (Fuel Cells Materials) and
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subsequently sintered at 1100 °C for 2 hrs. The ink comprised 50 wt% (Lag.60S10.40)0.95(C0¢.20F€0.80)O3.

« and 50 wt% (Ce.90Gdy.10)O1.95 With a total solid fraction in the ink of 65-75 wt%.

The identical disk-shaped anode and cathode electrodes were 11 mm in diameter with a surface
area of 0.95 cm’. A ring-shaped reference electrode had internal and external diameters of 16 mm and

18 mm, respectively (all dimensions are shown in Table 3.1).

3.2.3 Infiltration of Ni nano-particles in ceramic scaffolds for fuel electrodes

The typical infiltration process is demonstrated schematically in Figure 3.3.

Metalsalt nitrate or suspension solution

Electrode/Electrolyte porous  Formation of Nano-structured
Structure pre-sintered Nanoparticles electrode
at 1100-1400°C at 500-800°C

Figure 3.3. Typical process for the infiltration of metal salt nitrate solution or nanoparticle suspension into a

pre- sintered electrode or electrolyte porous structure (5).

The solution for infiltration was prepared by mixing nickel nitrate Ni(NO;),"6H,O with ethanol
to a concentration of 2M. Ethanol was used as a solvent for two reasons. Firstly, the solubility of
Ni(NO;),-6H,0 in ethanol is higher than in water and secondly the solution based on ethanol provides
smaller surface energy which enables better wettability and fluidity on the ceramic surface and, as a

consequence, deeper penetration of the porous structure.

A micro-pipette was used to deposit measured drops (2 ul) of the solution on top of a sintered
ceramic scaffold. The solution was infiltrated into GDC scaffolds by capillary action. The excess
solution on the electrode surface was wiped with a soft tissue and dried. The sample was then fired at
500 °C for 0.5 hr in air to decompose the nickel nitrate salt to form NiO nano-particles. The profile of

Ni(NO;),'6H,0 decomposition with temperature is shown in Figure 3.4 (6).
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The loading of the infiltrated nickel phase was estimated by measuring the weight differences
before infiltration and after the heat treatment and reduction. The whole process was repeated up to
ten times to increase the loading of the metal phase. Ten infiltrations of nickel led to a nickel content

of 2543 Wt% (18.6-24 vol%).

0
- \-— Crystal water
-
- Nitrate
()]
2 2 4
3
=}
§ -
=
-4
Ni(NO,),"6H,0
I 1 T I I I I I I I I

0O 100 200 300 400 500 600
Temperature [C]

Figure 3.4. Thermogravimetric profile of Ni(NO;),-6H,0 (6).

3.2.4 Reduction of the electrode
Taking into account the impact of reduction conditions on the properties of fuel electrodes
discussed in the literature survey (section 2.7.1), the reduction procedure used in this research was as

follows.

1. The cell was heated up from room temperature at a heating rate of 5 °C/min to the reduction
temperature of 750 °C. During heating the fuel electrodes were exposed to a protective
atmosphere (100% N»).

2. At 750 °C the electrode was exposed to reducing conditions of 50% H, and 50% N,, for 0.5-
1 hrs.

3. After reduction the electrodes were maintained under a reducing atmosphere during the
whole period of the experiment. The proportions between N, and H, in a gas mixture were
defined according to the experiment.

4. At the end of the experiment the cell was cooled down to the room temperature at a rate of 5
°C/min in 10% H, — 90% N,.
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3.3 Experimental set-up for electrochemical performance
measurements

Electrochemical tests of the button cells were performed using a custom-built test station, as

illustrated in Figure 3.5.

Reactants IN Air IN
H,/N,/CO/CO, r ‘

Y

Mass Flow
Controller

SOFC/SOEC

IC
s DD NS
Products OUT
By-pass

Bubbler
Furnace

Impedance
Spectroscopy

(AutolLab)

Figure 3.5. Overview of the experimental system. Underlined bold font indicates items

controlled/monitored by the software on PC.

Composition of the reactant/carrying gases (H/No/CO,/CO) was regulated by mass flow
controllers (connected and controlled by a computer via Bronkhorst software interface) and carried
through a water bubbler to achieve humidification of ca. 3% H,O (in ambient temperature).

Humidified gas was then supplied to the SOC, held in the furnace.

The SOC was attached to the end of an alumina tube with gas supplied through a narrower
alumina tube directly to the fuel electrode. The air electrode was exposed to the laboratory
atmosphere (21 % O,), such that oxygen depletion was negligible for the duration of the experiment.
The cell temperature was monitored via computer software (PicoLog Recorder) interface using a K-
Type Thermocouple, positioned ca. 5 mm above the surface of the anode. A close-up schematic of the

equipment can be seen in Figure 3.6 (7).
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Electrical connections were made to the electrodes via silver wires and paste and the ohmic
resistance of the leads is compensated for using a sense electrode. The cell was sealed using alumina-

based cement (Aron Ceramic, Japan).

0, Depleted Air
Counter, l‘ Reference
]

Silver paste

pAay

Cathode — .
Reference ——| /i L~
- = —— Cement
Electrolyte —T——==* A Ji
e i faa ..._j
L~ [
1
Anode
Hot Zone
P | | (ceramics & Inconel only)
Cold Zone
l g g (steel permitted)

Applied Force

L
Working l Sense
Fuel

Figure 3.6. Schematic illustration of the rig used for electrochemical performance measurements of SOCs (7).

3.4 Cell performance measurements

Initially, the electronic conductivity of infiltrated electrodes was assessed using a DC 4-probe
electrical conductivity method (also referred to as Van der Pauw method) as a function of the nickel
loading introduced by infiltration of the GDC scaffold. Then the electrochemical performance of the
fuel electrode was estimated in a symmetrical cell configuration using Electrochemical Impedance
Spectroscopy (EIS). Finally, the electrochemical performance of the full cell was evaluated in three

electrode and two electrode modes.
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3.4.1 Electronic conductivity measurements of infiltrated electrodes
The DC 4-probe electrical conductivity of the reduced electrodes was measured using the van

der Pauw technique (8) in custom made apparatus demonstrated in Figure 3.7 (9).

Pellet holder

Anode film

Pellet

Pt contact point

Ni wire connected
to spring

1];———————————————————) Thermocouple

~|: _________________ > Pt wire from

contact point

i~ [ __ﬂ

Figure 3.7. DC 4-probe electrical conductivity measurement apparatus (9).

The four contact points made from 0.25 mm Pt wires arranged in the corners of the 5.5 x 5.5
mm’ square. Each point is noted as a number 1, 2, 3 and 4 as shown in Figure 3.8. The cell is placed
inside the holder such that the electrode surface remains in a contact with the probes during the
measurements. The tight contact between the probes and the electrode surface is maintained by the

pressure on the holder by Ni wires connected to a rigid spring.

During the experiment four consecutive measurements were performed, with a constant current
applied to two adjacent sides of the sample (e. g. points 1 and 2) and the voltage measured at the

opposite side of the current contacts (e. g. points 3 and 4) as shown schematically in Figure 3.8.
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{ Ra= Vs ! i

Figure 3.8. Measurement of a square conductivity sample in the Van der Pauw geometry. The two resistance

measurements are combined with the thickness of the sample to give the conductivity (10).

Based on Ohm’s law, an average resistance, Rg;,g, can be calculated using the four measured

values according to Equation 3.1.

1 (Vaz [ Vaz  Vip Vg 3.1
Ry = 3% (T + TR TR T

The conductivity of the electrode, o, depends on its thickness, d, and can be calculated according
to Equation 3.2 (8). The thickness of the electrode, d, is determined from the image obtained by the
scanning electron microscope.

_ In(2) 3.2
- Rgpgmd

The Van der Pauw method has been widely used to assess the electronic conductivity of solid

oxide cell porous cermet electrodes (11-14).

The electronic conductivity of the 3, 6 and 10 times Ni infiltrated GDC electrodes was measured
in a humidified 50% H, — 50% N, atmosphere in the100-700 °C temperature range to study the impact

of the metal phase loading in the electrode.
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3.4.2 Calculation of the theoretical open circuit potential (OCP) of the cell
The theoretical OCP was calculated according to the formation of 1 mole of water using the

Nernst equation (2.3) as follows.

AG = —247500+ 55.85-T (15)

1
H2 + 502 - HzO
AG = —RTInK

_[red]  P(H,0) RT
~ lox]  P(H,)P(0,)°3 E=—InK=

RT In [red]
nF [ox]

Decrease (in the absolute value) of the calculated OCP with temperature is shown in Figure 3.9.

-1.06

-1.08 /»

/’

-1.16 /
W

200 300 400 500 600 700 800
Temperature, (C)

Cell Open Circuit Potential, (V)
r S
"\

Figure 3.9. Theoretical calculations of the cell OCP.

The OCP measured in the experiment can differ from the theoretical value. This can happen due to

cell leakage that leads to partial pressure change. Thus, the measured OCP can give an indication of

the cell sealing quality.
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3.4.3 Electrochemical Impedance Spectroscopy

As was discussed in the literature review, the potential losses associated with each of the
compartments and interfaces in the cell, are caused by different mechanisms of electrical, chemical or
mixed nature and hence vary in speed and activation energy required for each process. It is important,

therefore, to identify these processes in order to optimize fuel cell performance.

Electrochemical Impedance Spectroscopy (EIS) is a non-destructive technique commonly used
for characterisation of the electrochemical performance of fuel cells. In this method alternating
current (or potential) is passed over a range of frequencies across the cell with a wave-form
x = xosin(wt), where x, is an amplitude < 10 mV (i.e. in a potentiostatic mode) resulting in an output
signal of the same frequency w. The output signal is defined by the function y = yysin{(w + ¢@)t},
where ¢ is the phase angle. The impedance at the corresponding frequency is a complex number

determined by y/x ratio (16). The impedance spectrum, separated as a function of frequency, is

represented in terms of complex numbers and could be plotted as an imaginary vs real part of the

complex number (Nyquist plot) as represented in Figure 3.10 (16).

a b Ri i
| —ww—{
C m
e Lt
Zreal Zrf:al
c d
R
R R
o T w F
Ziml —~ C Zim m ¢
Zrcal Zrt:::ll

Figure 3.10. Nyquist plots for (a) a capacitor, (b) a capacitor in series with a resistor, (c) a capacitor in parallel

with a resistor, and (d) a resistor in series with a parallel RC-circuit (16).

The results can be interpreted in terms of the components of an electrical circuit: resistors,

capacitors and inductors connected in series or in parallel (17). For example, pure resistive behaviour

85



Chapter Ill: General Methodology

lacks an imaginary part, hence ¢=0°", and pure capacitive behaviour lacks the real component, hence
p=-90" (Figure 3.10a). However, typically the plots form several semi-circles indicating mixed
behaviour (Figure 3.10b-d). The polarisation of the processes having different time constants can then
be extracted by fitting the results into an equivalent electrical circuit model as shown in insets of

Figure 3.10.

Then the components of the equivalent circuit can be assigned to the corresponding
electrochemical processes. For example, the high frequency semi-circle often represents a charge
transfer polarisation and a lower frequency semi-circle may account for the mass transfer resistance.
Diffusion processes can be often modelled by a Warburg impedance element (p=45°). The high
frequency intercept (or series resistance, R;) is of an ohmic nature and normally describes the

electrolyte resistance Figure 3.11.

| lCm
Rs 1
f
_W_\va
Ra Lot

‘Z!m

charge mass
transfer transfer

Rs Zee

Figure 3.11. Equivalent electrical circuit and schematic Nyquist plot for an electrochemical system governed

by charge and mass transfer.

Due to the capability to determine the polarisation resistance resulting from charge transfer,
ohmic and mass transport losses, and correlate them to cell performance, EIS is a valuable diagnostic

tool for SOC electrochemical performance characterisation (18, 19).

However, one of the problems associated with EIS analysis is overlapping between semi-circles
which make it difficult to identify and to de-convolute the data into individual components. In this
case the response will result in non-symmetrical semicircle(s) as demonstrated in Figure 3.12. This

impedance data corresponds to the oxygen reduction reaction at a nanostructured LSCF cathode (20).
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In addition to a pure resistor or capacitor, the response can also be fitted by a Warburg element as
described previously, and a constant phase element (CPE) that models the behaviour of a double layer
for an imperfect capacitor (p=-90"n, 0<n<I). The double layer can also be associated with gaseous
species adsorbed on the electrode surface or with capacitance due to the mixed-conductive nature of

the GDC electrode (21).

Nyquist Plot

A 0.15 -
B Experimental data 310
Equivalent circuit fitting /

0.10
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Figure 3.12. Example of an impedance spectrum. (A) Nyquist and (B) Bode plots. Numbers in Figure A
indicate the measuring frequency. Points are experimental data, continuous lines represent equivalent
circuit fitting and dotted lines represent the individual contributions. (C) Equivalent circuit used for fitting
(20).

An overlapping between semi-circles can occur due to several processes having similar kinetics
(or time constants), for example, processes of the same origin occurring simultaneously on the anode
and cathode. One of the possible methods to deal with this problem is to change some of the
experiment conditions whilst keeping others constant. Since impedance spectroscopy is sensitive
towards various cell parameters, i.e. fuel concentration, temperature, current, etc, the change will be

reflected in impedance spectra (22).
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Another way to overcome the problem mentioned above is to use a three electrode cell
configuration. The principles of three electrode measurements are discussed in section 3.4.4. This
configuration allows the influence of the counter electrode on the impedance spectra to be excluded,
reducing the number of components in the equivalent circuit and making data analysis more precise.
However, the presence of the reference electrode may cause other problems related to data analysis.
Therefore to clarify and assist interpreting data analysis the EIS measurements in this study were also

performed in two electrode configuration in a full cell and in a symmetrical cell.

3.4.4 Conditions for electrochemical performance measurements

The electrochemical performance of the cell was estimated in both electrolytic (SOEC) and
galvanic (SOFC) modes. The measurements were carried out in two or three-electrode cell
configurations over a range of temperatures (580-750 °C) and gas compositions (20-80% H, — 20-
80% N) in dry or humidified conditions. Humidified gas conditions were achieved by forcing a gas
feed through a water bubbler to achieve approximately 2-3% H,O content. The total flow rate of gas

feed was 100 ml/min.

The performance of the electrode in a symmetrical cell was measured over the same range of
temperatures (580-750 °C) in 50% H, — 50% N,. These data were used to validate the results obtained

in a three-electrode configuration as will be described further.

Durability studies of infiltrated electrodes were performed at a constant operating temperature of
600 °C under 10mA/cm” current density and humidified 50% H, — 50% N, gas composition for 100 —

320 hrs.

Electrochemical measurements including polarisation (i—}) curves and impedance spectra (EIS)
were logged and analysed in real time by an Autolab PGSTAT302 (Eco Chemie BV, The
Netherlands) with a Frequency Response Analysis (FRA) module, interfaced to a computer through

Autolab FRA and Nova software. Galvanostatic impedance spectra were measured in the frequency
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range of 100 mHz — 100 kHz at OCP (with an AC amplitude of 6 mA) and at different current

densities (5-20 mA/cm?).

To obtain the area-specific resistance (ASR) the polarisation resistance measured in three
electrode measurements was multiplied by the electrode surface area. The values for the polarisation
resistance in the symmetrical cell were divided by two and multiplied by the geometric area to obtain
the ASR of one electrode. The EIS data were processed and fitted into equivalent electrical circuits

using ZView software (Scribner Associates).

Three-electrode measurements for SOC testing
The principle of three-electrode measurements is such that electrical current flows between the
working and the counter electrodes, while the potential is measured between the reference and the

working electrodes as shown schematically in Figure 3.13.

RE| CE

SE| |WE

Figure 3.13. Three electrode measurements, WE — working electrode, SE — sense electrode, CE — counter

electrode and RE - reference electrode.

This allows working electrode overpotentials to be extracted under current load, however the
interpretation is more complex due to concerns over reference electrode placement (13, 23-25).
Therefore two electrode measurements in a symmetrical cell were also performed to avoid these

concerns.

Symmetrical cells measurements
As has been discussed elsewhere (24-27), reference electrode placement in SOCs can be
problematic, and experimental data gathered using a three-electrode configuration must be considered

carefully.
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Alignment of the counter and the reference electrode is essential to ensure the correct
determination of the working electrode polarisation (24). When the counter and reference electrodes
are perfectly aligned the only condition to ensure the validity of three-electrode measurements is the

placement of the reference electrode far from the counter electrode (7, 28).

It was found that the potential along the gas-exposed surface of the electrolyte near the edges of
the electrode varies with position, until a distance of about three electrolyte thickness (24). Beyond
this distance the potential is uniform everywhere. In this work relatively thick (270pm) cells were
used, and the reference electrode was positioned 3mm away from the counter electrode, greater than
the three electrolyte thicknesses required to prevent interference from the counter electrode. However,
any misalignment of the counter and the working electrode may bias the reference potential towards
the active electrode, as shown in Figure 3.14 (24). Since an overlap of one of the electrodes by a value
greater than the electrode thickness may lead to large errors in measurements, additional validation

measurements were included in this work.

a)

primary potential
distribution

secondary potential
distribution

Figure 3.14. Reference potential drifts with frequency. (a) Thick electrolyte — small reference drift (b) Thin

electrolyte — large reference drift (24).
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The validation criterion for the three-electrode measurements is the potential difference between
the working and the reference electrode. If the electrodes are perfectly aligned this difference should
be approximately half of the cell potential (24). This condition is achieved if the potential at the
reference electrode corresponds to the potential of the middle plane in the electrolyte, i.e. half of the
electrolyte contribution to impedance is measured in three-electrode setup (26). An effective way to
verify this is to compare results of the three-electrode fuel cell impedance spectrum with the
impedance spectrum from the corresponding symmetrical cell. Therefore, electrochemical impedance
was measured in a two-electrode symmetrical cell over a range of temperatures (580-750 °C) in 50%
H, — 50% N in a four-probe set-up. In a four-probe set-up the resistance of leads is compensated due
to using sense and reference electrodes (Figure 3.15a). The gas in the rig for symmetrical cell testing
flowed parallel to the electrodes as shown in Figure 3.15b, while the gas flow in the three-electrode

fuel cell rig was perpendicular to the electrode (Figure 3.6).

(a) (b)

Figure 3.15. Symmetrical rig (a) four-probe set-up; (b) direction of gas flow.

3.5 Microstructure characterisation methods

3.5.1 General aspects

Analysis of the microstructure is crucial for understanding and optimizing of the SOC electrode
properties. In SOCs the change from one phase into the other occurs at the nano-scale. Therefore, for
a precise characterisation of the microstructure high spatial resolution techniques are required. The

main tool used for morphology characterisation was a scanning electron microscope (SEM) with a
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Field Emission Gun (FEG). Images with high magnification (>200k) can be acquired using FEG-
SEM. Two-dimensional (2-D) microstructure evolution analysis was performed before and after
testing. The cell was fractured, and the morphology of the electrode surface and a cross-section was

examined using a Scanning Electron Microscope LEO Gemini 1525 FEG-SEM.

Distribution of Ni nano-particles inside the electrode was studied by mapping Ni on the cross-
section of the infiltrated electrode. The micrograph was taken with JSM 6010 LA microscope fitted
with Oxford instruments INCA energy dispersive X-ray spectrometer (EDX). The EDX data was

accumulated from 20 sweeps with 0.1 ms point dwell time.

There is increased interest in three-dimensional (3-D) imaging techniques, such as focused ion
beam scanning electron microscopy (FIB-SEM), used to study composite electrode microstructures
(29-33). The insights generated from 3-D imaging were proven to offer the prospect of optimizing

electrode microstructure to further improve performance and durability (31, 34-36).

However, microstructural information related to infiltrated electrodes still remains limited. In
this study, the 3-D microstructure of Ni-infiltrated GDC electrodes was obtained using FIB-SEM, and
microstructural parameters of the porous structures, such as surface area, TPB density, particle/pore
sizes and porosity content, were quantitatively evaluated. The study of the 3-D microstructure of
infiltrated electrodes is a collaboration in which the experimental data provided the basis for 3-D
imaging and modelling work. The procedure of the 3-D imaging and reconstruction was done by Dr.
Masashi Kishimoto and described below. The modelling of infiltrated electrodes performance is not in

the scope of the present thesis.

3.5.2 3-D imaging and reconstruction methodology

The anode samples were reduced as described in section 3.2.4 and impregnated with epoxy resin
(Specifix20, Struers) under vacuum conditions so that the open pores of the anodes could be easily
distinguished in the SEM imaging. The cured samples were cut and mechanically polished to have a
flat cross-section. The 3-D microstructure of the anodes was imaged by an Auriga (Zeiss) FIB-SEM

system, the diagram of FIB-SEM setting is shown schematically in Figure 3.16.
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Carbon — A / QObservation
coating ' surface

Figure 3.16. Schematic diagram of FIB-SEM setting (31).

The back-scattered electron (BSE) detector, which provides an intensity profile depending on the
atomic number of the target atom, was used for imaging the Ni infiltrated GDC electrodes. Regions
were selected for the microstructural analysis and segmented based on image brightness. After
alignment and segmentation, the 3-D porous microstructure was reconstructed in a virtual field. For
demonstration, an example of Ni-YSZ cermet electrode cross-sectional image obtained by FIB-SEM

and a reconstructed 3-D structure are demonstrated in Figure 3.17 (31, 37).

| 1)

Figure 3.17 (a) Example of Ni-YSZ cermet electrode cross-sectional image obtained by FIB-SEM, in this work
secondary electrons detector was used (37); (b) Reconstructed Ni-YSZ anode microstructure (25.722 pm x

11.624 pm x 6.572 um; green: Ni, yellow: YSZ) (31).

From the reconstructed structures, phase volume fractions, surface information, particle/pore size
and TPB density were quantified using commercial image processing software, Avizo (Mercury
Computer Systems, Inc.). More details of the imaging and quantification methodologies can be found

elsewhere (37, 38).
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3.6 Summary

In this chapter the methodology for cell preparation, testing and characterisation used in this

research to study the performance of Ni-infiltrated GDC fuel electrodes for SOCs is outlined.

Aiming to meet both materials and microstructural requirements, in this study an electrode for
SOC application was made by infiltration of a porous GDC scaffold with Ni nano-particles to form a
percolated structure. The resultant electrodes were assessed in terms of electrochemical performance
in fuel cell and electrolysis modes at different temperatures and hydrogen concentrations using EIS.
The effect of scaffold characteristics, H, partial pressures, and insights into degradation behaviour,
using both symmetrical cell (two-electrode) and fuel cell (three-electrode) measurements, have been

investigated.

The electrical conductivity of infiltrated electrodes with different Ni loadings was assessed by
the Van der Pauw method in a hydrogen atmosphere in the 100-700 °C temperature range. The 2-D
microstructure of Ni-infiltrated GDC electrodes was studied using FEG-SEM. The 3-D microstructure
was obtained using FIB-SEM, and microstructural parameters of the porous structures, such as surface

area, TPB density, particle/pore sizes and porosity volume, were quantified.
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CHAPTER IV

NICKEL-INFILTRATED GDC ELECTRODES

4.1 Introduction

In this chapter a detailed characterisation of Ni infiltrated GDC electrodes is discussed. First, the
qualitative and quantitative analysis of infiltrated electrode microstructure, using 2-D and 3-D
imaging methods, is presented. Then the electronic conductivity results are shown, and the impact of
Ni concentration on the electronic conductivity of the electrode is highlighted.

This is followed by results and discussion regarding AC and DC electrochemical performance
measurements of the infiltrated electrodes in humidified hydrogen in both fuel cell and electrolysis
modes. Initially, validation of the three electrode method is described. After that the effect of different
experimental and fabrication parameters on the electrode electrochemical performance is assessed.
These parameters include Ni concentration, scaffold porosity, temperature, and gas composition.
Calculations of activation energies associated with high and low frequencies polarisation features are

shown. Finally, the results of short-term degradation tests of infiltrated electrodes are discussed.
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4.2 Characterisation of Ni-infiltrated GDC fuel electrodes

Infiltrated electrodes were characterised in terms of microstructure development and electrical
conductivity. Microstructure was studied using SEM and FIB-SEM for 2-D and 3-D analysis,

respectively, as described in section 3.5.

4.2.1 2-D Microstructural analysis (SEM)

A representative cross-section of the fabricated SOC is shown in

Signal A= InLens Date :30 Sep 2014
Mag= 5.00KX Time :16:52:02

P :

Figure 4.1. (a) A cross section of fabricated SOC with
screen printed GDC scaffold of the fuel electrode
fabricated from ink#2 (at the top) and air electrode;
(b) A cross section of a screen printed GDC scaffold
fabricated from ink#1 and infiltrated 10 times with
Ni and (c) A cross-section of a screen printed GDC
scaffold fabricated from ink#2 and infiltrated 10

times with Ni (at the bottom).

Signal A = InLens Date :10 Dec 2013
Mag= 5.00KX Time :16:42:27

(a). For comparison, the fuel electrodes structures based on ink#1 and ink#2 are shown in
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EHT = 5.00 kV Signal
WD = 53mm Mag= 5.00KX

Figure 4.1. (a) A cross section of fabricated SOC with
screen printed GDC scaffold of the fuel electrode
fabricated from ink#2 (at the top) and air electrode;
(b) A cross section of a screen printed GDC scaffold
fabricated from ink#1 and infiltrated 10 times with
Ni and (c) A cross-section of a screen printed GDC
scaffold fabricated from ink#2 and infiltrated 10

Ls,gn_,,_,nlm Dete 10 Doc 2013 W times with Ni (at the bottom).

Mag= 5.00KX Time :168:42:27

(b) and (c¢). The LSCF-GDC air electrode and the GDC scaffold (as a precursor for subsequent
Ni infiltrations) for fuel electrodes were screen printed on both sides of the electrolyte to form a fuel

cell, as described in methodology, section 3.2.2.

EH i D: Sep 2014
WD = 53mm 5.00KX Time :16:52:02
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Figure 4.1. (a) A cross section of fabricated SOC with
screen printed GDC scaffold of the fuel electrode
fabricated from ink#2 (at the top) and air electrode;
(b) A cross section of a screen printed GDC scaffold
fabricated from ink#1 and infiltrated 10 times with
Ni and (c) A cross-section of a screen printed GDC
scaffold fabricated from ink#2 and infiltrated 10

. Date 10 Doc 2075 ﬁ times with Ni (at the bottom).

Mag= 500KX Time :16:42:27

Two types of inks were used for fuel electrode fabrication in this research as described in section
3.2.1. Ink#1 did not contain any pore formers, whereas ink#2 included polymer micro-beads to
increase porosity. Figure 4.2 shows the SEM images with different magnifications of the scaffolds
obtained from ink#1 (Figure 4.2a-b) and ink#2 (Figure 4.2c-d). The fine porosity observed in ink#1-
based scaffold is a result of combustion of the organic components in the ink during the sintering
process. GDC branches in the porous network reached 100-750 nm in thickness after screen printing
(Figure 4.2a). This microstructure is comparable or finer than that generally achieved by
conventionally screen printed NiO-GDC electrodes (1). In the scaffold produced using ink#2 two
types of porosity can be seen — micro-porosity, similar to ink#1, and macro-porosity (Figure 4.2c) as a
result of combustion of the polymeric beads. Figure 4.2d depicts the microstructure inside the macro-

pore.

The combination of micro- and macro-porosities in the electrode is interesting for two reasons.
Firstly, macro-porosity assists gas transport to the active areas located closer to the electrolyte-
electrode interface, as discussed in the literature review (section 2.7.1). In this case macro-porosity
acts as a conduit for the reactants to the micro-pores, enabling better gas distribution and product
removal inside the electrode. The second reason is that the porosity should assist the infiltration

technique, enabling the solution to penetrate the scaffold to a greater depth.

100



Chapter IV: Ni-Infiltrated GDC Electrodes

.
EHT = 5.00 kv Signal A = InLens.
WD = 38mm Mag = 20.00 K X
e — ¥
5T

Signal A = InLens Date =20 Jun 2014
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Date :14 Apr 2014
ime :10:02:26
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WD = 68mm Mag = 5044 KX Time :13:21:18

Figure 4.2. The 2-D microstructure of GDC scaffolds fabricated from (a) ink#1; (b) ink#1, higher magnification

and (c) ink#2 (macro-pore and micro-pore); (d) ink#2, higher magnification close up (inside the macro-pore).

The evolution of the microstructure during the infiltration of the ceramic scaffold with Ni nano-

particles is shown in SEM micrographs Figure 4.3a-d.

EHT = 5.00 kW Signal A = InLens
WD = 43mm Mag = 100.00 K X

1920 %,

EHT = 500 kv Signal A = InLens Date -7 Nov 2012
Time :15:28:21 — WD =87 mm Mag = 89.99 KX Time :13:48:07

Date :10 Dec 2013
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Figure 4.3. (a) GDC scaffold covered with Ni nano particles after 5 infiltrations, reduced at 750 °C; (b) GDC
scaffold covered with Ni nano particles after 5 infiltrations, reduced at 1000 °C; (c) GDC scaffold (ink#2)
covered with Ni nano-particles after 10 Ni infiltrations, reduced at 750 °C; (d) SEM-EDX map of Ni
distribution after 10 infiltrations of GDC ink#1 based scaffold, reduced at 750 °C (Ni in green).

Here, the effect of the number of infiltrations, as well as a reduction temperature of the electrode
after infiltration, is elucidated. Though a uniform coverage of Ni particles on GDC was observed
following five infiltrations and reduction at 750 °C, the metal particles were distant from each other
(Figure 4.3a). After ten infiltrations a higher coverage of almost equal size Ni nano-particles on a
ceramic matrix was obtained in both ink#1-based and ink#2-based electrodes (Figure 4.3¢). In spite of
the higher coverage, the particles were individually dispersed. This may be as a result of poor
wettability between the GDC scaffold and Ni (2). Ni particles do not agglomerate, due to a limited
mobility at 500 °C, the temperature at which decomposition of Ni(NOj;), occurs. The map of Ni
distribution after 10 infiltrations (Figure 4.3d) indicates that Ni was distributed throughout the

electrode following 10 infiltrations of the ink#1-based GDC scaffold.

Nickel particle growth from an average size of 30 nm to 100 nm was observed in the electrode
reduced at 1000 °C (Figure 4.3b). Nickel particle growth occurred when the electrode was reduced at
higher temperature (1000 °C); this could be seen as big non-uniform Ni agglomerates of 200-700 nm
in Figure 4.3b. Therefore, to prevent Ni particles growth and to preserve a uniform structure, the

reduction of the electrodes for testing was performed at 750 °C, (and not 1000 °C).

The 2-D microstructure of the 10 times Ni-infiltrated GDC electrodes after testing in different
concentrations of humidified H»-N, and in the range of temperatures 550-750 °C is shown in

Figure 4.4. Ni particle coarsening can be identified in all cases, although to a different extent,
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depending on the experiment duration. In comparison to individual Ni nano-particles obtained after
infiltration (Figure 4.3c), after a short Shr experiment only a minor coarsening occurred (Figure 4.4a-
b). Following prolonged exposure to high temperatures (~100 hrs) the particles agglomerated into
snake-like clusters as can be seen in a close-up view (Figure 4.4c-d). This modification of the
microstructure can give rise to a local depletion of Ni on the GDC surface and, as a result, to a
reduction of TPB length and connectivity between Ni particles (Figure 4.4d). The cross section of the
ink#2-based electrode near the electrode-electrolyte interface is shown in Figure 4.4e. In this region a
high amount of Ni particles can clearly be seen, confirming that full penetration of the infiltration
solution occurred. Figure 4.4f demonstrates a microstructure obtained in ink#1-based electrode after
~320 hrs (in humidified 50% H, — 50% N, under OCP and biased (=10 mA) conditions), where Ni
agglomerates can be seen. These agglomerates can give rise to a blocking of the open porosity in the

electrode thereby restricting gas access to active sites.

A
e

it e A A, < - v, 3 =& . & e
EHT = 5.00kV Signal ’ Signal A = InLens
WD = 7.3 mm Mag = 20.00 K X Mag = 10000 KX
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Figure 4.4. The development of the 10 times Ni-infiltrated GDC fuel electrode microstructure after
experiments performed in humidified H,-N, and in the temperature range of 550-750 °C. (a)-(b) ink#2-based
electrode after ~5 hrs experiment; (c)-(e) ink#2-based electrode after ~100 hrs experiment at 600 °C; (d)
close-up on Ni agglomerates; (e) cross-section near the electrode-electrolyte interface; (f) ink#1-based

electrode after ~320 hrs experiment at 600 °C.
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4.2.2 3-D image reconstruction of infiltrated electrodes

The 3-D microstructure of infiltrated electrodes was imaged by an Auriga (Zeiss) FIB-SEM
system as explained in section 3.5.2. The backscattered electron (BSE) detector was used for imaging
the electrodes in order to distinguish the two solid phases (Ni nanoparticles and GDC scaffold) in the
SEM images. Regions were selected for the microstructural analysis and segmented based on image
brightness. After alignment and segmentation, the 3-D porous microstructure was reconstructed. From
the reconstructed structures, phase volume fractions, surface information, particle/pore size and TPB
density were quantified to characterise Ni-infiltrated GDC electrodes. 3-D imaging and calculations of
the valuable microstructural parameters were performed by Dr Masashi Kishimoto, who for the first
time performed the quantitative analysis of the infiltrated electrodes from a tomography dataset.
Therefore, in this thesis only results from 3-D imaging and reconstruction are provided, as this work
was undertaken as part of this PhD study, rather than the development of 3-D imaging technique itself
which was undertaken by Dr Kishimoto. The impact of the present work encompasses the
experimental set of data that enabled Dr Kishimoto to evaluate and test the 3-D image reconstruction
method for infiltrated electrodes and later on enabled him to develop a numerical model for infiltrated
electrode optimisation. The results of this collaborative work have been published and presented

elsewhere (3-7).

Three different microstructures, based on ink#1l, were fabricated for 3-D imaging and
characterised: the virgin GDC scaffold, GDC scaffold with one Ni infiltration (1xNi-GDC) and GDC
scaffold with 10 infiltrations (10xNi-GDC). Representative 2-D cross-section images of the sample

microstructures are shown in Figure 4.5.

Ni nano-particles with a size down to ~10 nm were successfully imaged using a lower electron
acceleration voltage (1.5 kV). The distribution of the infiltrated nickel particles was found to be
homogeneous in the thickness direction of the anode (corresponding to the horizontal direction in the
images on Figure 4.5a-c. Reconstructed 3-D structures of the 1xNi-GDC and 10xNi-GDC samples,
shown in Figure 4.6, similarly suggest that the nickel particles are homogeneously distributed inside

the scaffold. This is in an agreement with the SEM-EDX map of Ni distribution (Figure 4.3d).
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Figure 4.5. Cross-sectional 2-D images of the
electrode samples. (a) GDC scaffold; (b) 1xNi-GDC
and (c) 10xNi-GDC (3).

The GDC scaffolds in the three structures imaged in this study have similar features volume
fraction, surface-to-volume ratio and average particle sizes. This ensures that the structures obtained

from 1xNi-GDC and 10xNi-GDC are still large enough to be representative of the entire anode

structure.

Microstructural parameters (sample size, voxel size, phase volume fractions, surface
information, particle/pore size and TPB density) from quantitative analysis are summarised in
Table 4.1. Typical values found in a conventional Ni-YSZ (50-50 vol%) electrode are also shown for

comparison (8).

The pore volume fraction in ink#1-based 10xNi-GDC electrode was estimated to be 20.1% with
an average pore size of 0.30 um. The average characteristic dimension of the Ni particles was
estimated as 0.35 um, and the Ni volume fraction was found to be 19.8 vol%. The coverage of Ni

particles on the GDC surface was 6% after the first infiltration and 39% after the 10th infiltration.
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1xNi -GDC 10xNi -GDC

Figure 4.6. Reconstructed 3-D microstructure of 1xNi-GDC and 10xNi-GDC samples. (a) Ni (green) and GDC
(yellow) phases; (b) Ni with GDC (transparent grey) and (c) TPB lines with GDC (transparent grey) (3).

The GDC particle sizes are close to that found in the Ni-YSZ cermet electrode (8), although the
volume fraction is more than double. On the other hand, the Ni volume fraction and particle sizes are
significantly smaller than those found in the conventional electrode. The smaller metal particle sizes
are a result of the fact that the decomposition temperature for the nickel particles (500 °C) is

significantly lower than the typical sintering temperature for the conventional electrodes (~1400 °C).

In general, smaller nickel particle sizes are preferable for larger TPB density. Single infiltration
creates much smaller TPB segments than the conventional electrode fabrication methods. Note that a
TPB segment is defined as the TPB length created by the perimeter of a single Ni particle at its
interface with the scaffold in a porous electrode. Although infiltration repetitions inevitably increase
the length of the TPB segments, they are still shorter than those found in conventional electrodes. The

combination of multiple segments and smaller Ni particle sizes retained in infiltrated electrodes lead
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to a large TPB length (and hence, high TPB density). From the quantitative analysis, the TPB
densities in the 1xNi-GDC and 10xNi-GDC electrodes were found to be about 5 times and one-order
of magnitude larger than those in the conventional electrode, respectively. But, however large the

TPB length is, the analysis suggests that there is no percolating cluster observed in the tested region.

Table 4.1. Microstructural parameters from quantitative analysis (3).

Microstructural parameters GDC scaffold  1xNi-GDC 10xNi-GDC Conventional
Ni-YSZ (8)

Sample size [pm] X 18 4.28 7.5 19.2
Y 4.5 2 4.5 8.51

z 5.25 2.25 3 6.2

Voxel size [nm] X 30 5 10 26.6
Y 30 5 10 26.6

z 30 10 10 62

Volume fraction [%] Ni 0.00 1.29 19.8 25.3
GDC/YSZ 57.1 56.9 60.2 25.1

Pore 42.9 41.8 20.0 49.6

Particle/pore size [um] Ni n/a 0.102 0.354 1.38
GDC/YSZ 0.844 0.748 0.706 0.73

Pore 0.667 0.594 0.3 1.74

Surface-to-volume ratio Ni n/a 60 16.2 3.56
[pm’ pm™)] GDC/YSZ 6.44 6.82 7.94 7.51
Pore 8.58 10 21.1 4.12

Specific surface Ni 0 0.77 3.21 n/a
[um’ pm™) GDC 3.68 3.86 4.77 n/a
Pore 3.68 4.16 4.22 n/a

Contact area density Ni-GDC 0.00 0.24 1.88 n/a
[um? pm?] Ni-Pore 0.00 0.54 1.33 n/a
GDC-Pore 3.68 3.63 2.89 n/a

TPB density [pm pm™] n/a 11 18.40 2.49

4.2.4 Estimation of the Ni phase content in infiltrated electrodes

The content of the Ni phase in the electrodes was estimated from the cell weight difference
before Ni infiltration, and after infiltration procedure, heat treatment and reduction. The vol% and
wt% Ni fraction increase in Ni-infiltrated GDC electrodes as a result of infiltration process repetitions

are represented in Figure 4.7.
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Figure 4.7. Mean vol% and wt% of Ni in Ni-infiltrated GDC electrodes as a function of number of infiltrations.

Following 10 infiltrations the wt% of Ni in the electrode was 25+3 wt% (18.6-24 vol%). This
value is in agreement with Ni content (19.8 vol%) estimated by the quantitative analysis of the 3-D

image reconstruction.

4.2.3 Electronic conductivity measurements

The impact of the Ni loading on the performance of infiltrated electrodes is revealed in the
electronic conductivity of the electrode and its catalytic activity — both characteristics are important
for optimized high performance electrodes.

To study the impact of Ni content on electronic conductivity, the DC 4-probe conductivity of the
reduced infiltrated electrodes was measured using the van der Pauw method as described in
methodology (section 3.4.1). The van der Pauw measurements of electronic conductivity as a function
of temperature for infiltrated electrodes with different Ni content as a consequence of infiltration
repetitions are shown in Figure 4.8. For convenience, the electronic conductivity of pure Ni, and the
mixed conductivity of GDC, are also presented. The thickness of the electrode, used for conductivity
calculation, was estimated from SEM images of the corresponding electrodes. The contribution of the
ionic conductivity of the YSZ electrolyte is negligible in comparison to the conductivity of Ni-CGO.

According to Figure 2.5 the logarithm of conductivity, o, of YSZ at 700 °C is -2 S-cm™ (
- S
c=0015/" )
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Figure 4.8. Temperature dependence of the DC electronic conductivity, measured by the Van der Pauw
method, of infiltrated electrodes with different Ni loadings. Also shown are the electronic conductivity of

nickel (9), the mixed conductivity of GDC (10) and cermet Ni-GDC electrode fabricated by screen printing.

Starting from 6 infiltration repetitions, a shift in conductivity was observed. The conductivity of
the 6 and 10 times Ni-infiltrated electrode showed metallic behaviour, namely a decrease in
conductivity with increasing temperature. At 700 °C the conductivity of the 10xNi-GDC
(corresponding to 25 wt% of Ni content) electrode was as high as 620 S/cm. A similar conductivity
was measured at 700°C for Ni-SDC electrodes prepared from NiO-SDC composite powders with
significantly higher Ni content of 35 wt% (11). The shift towards metallic behaviour can be the result
of a gradually growing Ni layer, formed inside and on top of the porous GDC scaffold. With
additional Ni infiltrations the distance between neighbouring Ni nano-particles on the GDC surface
inside the electrode become smaller. Because the GDC scaffold is electronically conductive in
reducing atmospheres, it “assists” to overcome the distance between Ni particles during the

measurement, as electrons can travel from one Ni particle to another through the GDC network.

In addition, with more infiltration repetitions, the excess Ni remains on top of the electrode,
thereby creating Ni ‘islands’ (~1um thick) as shown in Figure 4.9. Similar phenomenon of “island”
grains of Ni with only restricted interconnectivity was observed in Ni infiltrated YSZ scaffold as
reported by Busawon et al. (12). The excess of Ni is due to two reasons. First, drops of Ni(NO3),
inevitably remain on top of the surface during the infiltration process when all the pores are already
filled with the solution. And second, with more infiltrations the pores become smaller. This decreases

the amount of solution that can be infiltrated, creating an additional solution excess on the electrode
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surface. Although the excess solution has been gently removed after each infiltration, a small amount

of it still remains. This phenomenon reflects the limitation of the infiltration technique.

Poor wettability between Ni and GDC and possible roughness of the electrode surface may
prevent Ni ‘islands’ from being fully interconnected. However, Ni ‘islands’, formed on the electrode
surface, can impact the interpretation of the electronic conductivity data significantly. In this case, it
could be that some part of the conductivity measured in the experiment is associated with the Ni film
on the surface and not with the bulk conductivity. This limitation should be taken into account when
interpreting results of van der Pauw measurements of infiltrated electrodes. On the other hand, the
combination of Ni layer on the electrode surface and silver paste together form an efficient current

collector for the electrode, which is favourable for the electrode performance.

i ec 2013
Time :16:25:49

Figure 4.9. Ni film formed on top of the electrode following ten Ni infiltrations; The Ni ‘islands’ are ~1 pm in

thickness.

The results of the electronic conductivity measurements suggest that at least 1143 vol% of Ni (6
infiltrations) is required for the shift to the metallic behaviour (Figure 4.8). This means that a
continuous conductive path was achieved, either through the contribution of Ni on top of the electrode
surface and / or Ni network in the bulk and / or GDC electronic contribution. The results of the 3-D
image reconstruction quantitative analysis suggest that no continuous Ni phase was observed in the
bulk (section 4.2.2). The fact that the measured electronic conductivity of the ten times infiltrated

electrodes is about 2 orders of magnitude lower than the conductivity of pure Ni (Figure 4.8)
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essentially indicates that it is combined conductivity (bulk and the Ni surface layer) measured and not

only that of the Ni film on top of the electrode. However, the contribution of each is hard to estimate.

4.3 Results and discussion of the electrochemical performance of Ni-
infiltrated GDC electrodes in fuel cell and electrolysis mode in
humidified H2-H20 atmospheres

4.3.1 Validation of the 3-electrode setup measurements using symmetrical cells
The problems associated with thin electrolyte three-electrode measurements were discussed in

section 3.4.4.

The validation criteria for the three-electrode measurements are the potential differences between
the working and the reference electrode. If the electrodes are perfectly aligned this difference should
be approximately half of the cell potential (13). This condition is achieved if the potential at the
reference electrode corresponds to the potential of the middle plane in the electrolyte, i.e. half of the
electrolyte contribution to impedance is measured in three-electrode setup (14). An effective way to
verify this is to compare results of the three-electrode fuel cell impedance spectrum with the
impedance spectrum from the corresponding symmetrical cell. Therefore, measurements between two
electrodes of the symmetrical cell were conducted in a four-probe set-up for 10xNi infiltrated GDC

electrodes at different temperatures in 50% H, — 50% N, (Figure 4.10).
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Figure 4.10. EIS spectra (100 mHz-100 kHz) measured in a symmetrical cell at different temperatures in 50%

H, — 50% N,, normalised for the individual electrode.
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In a four electrode configuration the resistance of the leads is compensated as discussed in
section 3.4.4. The thickness of the electrolyte was ~200 um. The values for the polarisation resistance
in the symmetrical cell were multiplied by the geometric area of two electrodes. Therefore, the ASR

of the symmetrical cell includes contribution from both electrodes.

The results shown in Figure 4.11 demonstrate that the electrolyte ASR in the symmetrical cell
(1.55 Qcm?), measured from the high frequency intercept, is indeed approximately twice as large as
that measured in the three-electrode setup for the fuel cell (0.77 Qcm?), as would be expected for a

correctly aligned three-electrode geometry.

0.6 \ \ j j \
= 690C symmetrical cell 1 = 690C 3-electrode setup
Fitting Fitting
0.12
0.4 R
(E, § 0.08
= =
z N
N 0.2 7 '
0.04 -
f__,,,r- ull
0.0 4 0.00 -"}’P“-v :
1.4 1.6 1.8 20 0.76 0.80 0.84 0.88
Z' (Qcm?) Z' (Qcm?)

Figure 4.11. EIS spectra (100 mHz-100 kHz) measured at 690 °C in 50% H, — 50% N, in (a) symmetrical cell and
(b) a fuel cell between reference and working electrodes. Note that the Qcm? value refers to the total

polarisation resistance contributed by both electrodes.

The diameter of the higher frequency arc is measured to be 0.1 Qcm® with the symmetrical cell,
therefore the value for each individual electrode is half this, i.e. 0.05 Qcm?. This value is very close to
the value of 0.054 Qcm® measured in the three-electrode cell, showing good agreement between both
methods. The activation energy of the high frequency process measured using both the two electrode

and three-electrode cells is similar, as discussed later.

The shape of low frequency arcs measured with the symmetrical cell resembles a Warburg
response, indicating a diffusion limiting process. This may be due to the different nature of the gas

flow, as mentioned in 3.4.4. During symmetrical cell testing, gas flowed parallel to the electrodes,
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while gas flow in the three-electrode fuel cell rig was perpendicular to the electrode, which would be
expected to enhance mass transfer to the electrode. Therefore there might be a contribution of mass

transfer outside the electrode to the low frequency response in symmetrical cell.

These results are representative for those observed with ink#2-based electrodes with 10 Ni
infiltration repetitions. Therefore it was assumed that the results of 3-electrode measurements are

valid for the specific cell configuration and cell dimensions used in the present study.

4.3.2 The effect of Ni loading

The effect of nickel concentration on the electrochemical performance of the cells was tested in
electrolysis and fuel cell modes. Figure 4.12 demonstrates j-} curves measured in humidified 50% H,
— 50% N, at 600 °C between working and reference electrodes for pure GDC scaffold (zero

infiltrations), and 6 and 10 times infiltrated electrodes based on ink#2.
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Figure 4.12. Current density vs overpotential of the cell with ink#2-based fuel electrodes infiltrated 0, 6 and
10 times, as measured between the reference and the working electrodes (the voltage drop includes the
contributions from the infiltrated electrode and the uncompensated iR drop between the RE and WE). The

cells were tested in humidified 50% H, — 50% N, at 600 °C.

Ten times infiltrated electrode showed the highest performance amongst other samples in fuel
cell mode, whereas the performance of the 6 times infiltrated electrode was slightly higher in

electrolysis mode. The pure GDC electrode displayed the lowest performance in both modes. In
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general, the current density under the same overpotentials was higher in electrolysis mode for the
electrodes with 0 and 6 infiltrations, while the current density of the electrode with the highest Ni
content was higher in fuel cell mode. Similar non-symmetrical behaviour has been reported in the
literature for composite Ni-GDC and Ni-YSZ electrodes at 800 °C in 70% H,O — 30% N, (15). The

reason for this non-symmetrical behaviour requires further study.

The AC measurements were performed between the reference and working electrodes, enabling
the polarisation of the working electrode to be directly extracted by fitting the data to a corresponding
equivalent electrical circuit. Figure 4.13a demonstrates the Nyquist plots of the fuel electrodes with 0,
6 and 10 times Ni infiltrated GDC scaffolds at 600 °C and humidified 50% H, — 50% N, under open
circuit conditions. The value of the series resistance (R_Afi) was normalised to zero to compensate for
the variable uncompensated iR drop between the RE and WE under different conditions (16) and to

enable a clear comparison between the samples.

Corresponding equivalent circuits used for fitting are shown in Figure 4.13b-d, where L is an
inductance, R_Afi is a high frequency intercept resistance, R_/ is a high frequency resistance, R m is a
medium frequency resistance and R [/ is a low frequency resistance, CPEI, CPE2 and CPE3 are

constant phase elements. The fitting error was less than 15%.

Three processes in high, medium and low frequency ranges have been identified for pure GDC
and 6 times infiltrated electrodes. Both electrical circuits represented in Figure 4.13b and Figure 4.13c

fitted electrochemical impedance data of the 0 and 6 times infiltrated electrodes equally well.

The mid-frequency spectra of these electrodes resemble a depressed semi-circle with half tear-
drop shape (45°) on the high frequency side implying it arises from the mixed conductive nature of the
GDC scaffold (17, 18). If this is true the process can be fitted using Warburg element in the
equivalent electrical circuit as shown in Figure 4.13c. To assess whether GDC behaves as a mixed
conductor under the conditions to which the fuel electrode is exposed to in the experiment,

thermodynamic analysis, as described below, was performed.

115



-Z" (Qcm?)

Chapter IV: Ni-Infiltrated GDC Electrodes

10

0.25
(a) L1 R_hfi R h Rm R
4 020
015 . CPE1 CPE2 CPE3
L)
0.10
1 005 0.7 Hz (b)
0.00

0.00 0.05 0.10 0.15| 0.20
L1 R_hfi Rh W_m R

&
/.,/——1\ W
\-\ CPE1 ) CPE2
g>— g>—

m OxNi-GDC ink#2 || (©)

® 6xNi-GDC ink#2

10xNi-GDC ink#2 L1 R_hfi Rh R
T Flttlng T CPE1 CPE2
T T T T
6 8 10 ? o
Z' (Qcm?) (d)

Figure 4.13. (a) Galvanostatic impedance spectra (100 mHz-100 kHz) of the ink#2-based fuel electrodes with
0, 6 and 10 Ni infiltration repetitions at open circuit and humidified 50% H, — 50% N, at 600 °C as measured
between reference and working electrodes; (b) — corresponding equivalent circuit for 0 and 6 Ni infiltrations;
(c) — alternative equivalent circuit for 0 and 6 Ni infiltrations and (d) — corresponding equivalent circuit for

10x Ni infiltrations of the ink#2-based GDC scaffold.

It is known that GDC becomes mixed-conducting in a reducing atmosphere at elevated
temperatures. To estimate whether conditions would result in such mixed-conductive behaviour,
oxygen partial pressures were calculated as a function of temperature as shown in Figure 4.14 and
three different gas compositions. The fuel electrode was exposed to a gas composition of 3%H,0 —
48.5%H, — 48.5%N, in the case explained here. The partial pressure of oxygen was calculated from
the partial pressure of hydrogen and steam. To determine the electronic conductivity of GDC at given

gas conditions, the following thermodynamic data were used (10).
logPg = —3.697 X 10*/T + 18 4.1

0.T = 3.456 x 10%exp(—2.475/kT)P; /" 4.2
Here, Py represents the oxygen partial pressure at which ionic (0;) and electronic (o)

conductivities of GDC are equal (o, = o;).
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Figure 4.14. (a) Temperature dependance of the oxygen partial pressure according to different hydrogen
partial pressures on the fuel electrode; (b) Temperature dependance of the GDC electronic condactivity

according to different hydrogen partial pressures on the fuel electrode.

According to Figure 4.14a the partial pressure of oxygen on the fuel electrode, given the gas
atmosphere ([P(O,) when P(H,)=0.5atm] in the legend), is lower than Py at temperatures above
470°C. This means that the electrode is subjected to a reducing atmosphere. In this case GDC
becomes electronically conductive, due to the appearance of oxygen vacancies in the lattice, and the
electronic conductivity in GDC prevails ionic (g, > g;). The values of electronic conductivity of the
fuel electrode as a function of temperature are plotted in Figure 4.14b. The mixed-conductive nature
of GDC at given gas compositions and temperatures explains why using a Warburg element in the

equivalent electrical circuit (Figure 4.13c) resulted in a good fit.

The mixed-conductivity and catalytic properties of GDC imply that the electrochemical reaction
can occur via the chemical diffusion of electrons and oxygen ions through the mixed conducting
scaffold surface. In this case the reaction zone extends from the triple-phase boundary to the ceria-
pore double-phase boundary (DPB) (18-20). The rate of the reaction will, therefore, depend on the
mobility of electrons and ions in the mixed-conducting GDC scaffold. Both reaction paths, via TPBs
and DPBs, are shown schematically in Figure 4.15. It is likely that the portion of each path
(Figure 4.15), involved in electrochemical reaction, will be determined by the fraction of TPBs and
DPBs occupying the electrode surface. To validate this statement, further experimental and modelling

analyses are required.
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Figure 4.15. Schematic diagram showing the hydrogen electro-oxidation pathways (left) on Ni-YSZ-pore TPB
and (right) on GDC-pore DPB. Adapted from (18).

Although the presence of DPBs implies that the electrochemical reaction can occur on the whole
electrode area, the presence of the metal catalyst is still important. This is supported by the results

shown in Figure 4.13 which suggest that the performance improves with increasing Ni loading.

The values of the electrode ASR associated with low, medium and high frequency ranges are
summarised in Figure 4.16. The ASR was extracted from the fitted values of the equivalent circuit,

and normalised to the geometric electrode area.
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Figure 4.16. High, medium and low frequency resistances and total electrode polarisation at open circuit for
ink#2-based fuel electrodes infiltrated 0, 6 and 10 times, as measured between the reference and the
working electrodes at 600 °C in humidified 50% H, — 50% N,. The values were taken from the best fit to the
equivalent circuits shown in Figure 4.13b for 0 and 6 infiltrations, and Figure 4.13d for 10 infiltrations.

It follows from Figure 4.14b that at 600 “C both ionic and electronic conductivities of GDC are

of the same order (~0.01-0.02 S-cm™). It has been reported in different studies that the grain
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boundaries, because they are depleted of oxygen vacancies, serve as barriers to ion transport (17, 18,
21). Therefore, the impedance spectrum in the high-mid frequency ranges may include two
contributors to resistance: one deriving from the ionic conductivity of GDC bulk and one from that of
grain boundaries. Additional resistance accompanies the electronic conductivity of GDC (17, 18). The
grain boundary effect becomes lower with temperature (17). The mid-frequency impedance can also
be attributed to gas-solid interactions such as adsorption of reactant species, desorption of product
species or surface migration of the adsorbed species (20, 22-25). The low-frequency range of the
impedance spectra may be associated with gas diffusion and/or chemical capacitance (17, 18, 26, 27).
Chemical capacitance originates from the variation in the oxygen stoichiometry of the mixed-
conducting ceramic electrode. Electrochemical polarisation alters the oxygen content of the ceramic
electrode. As a consequence, a chemical relaxation process, associated with the variation in the
oxygen vacancy concentration, is observed as a large arc in the low-frequency range of AC
impedance measurements (20, 21, 28). This may account for the relatively large low frequency ASR

of the pure GDC electrode (11.6 Qcm?).

In the case of 6xNi-GDC electrode, charge transfer can occur on both TPBs and DPBs. The high
frequency arc may include charge transfer associated with the former while the latter may be shifted
to a mid-frequency process. Based on the data presented here it is difficult to assign each process to

the impedance arc quantitatively, and to do so further research is required.

Only two processes in high and low frequencies regions, commonly attributed to the charge
transfer at the TPB region and gas diffusion, respectively, could be identified in the 10 times
infiltrated GDC electrode (23). It is likely that with higher Ni concentration the resistance is mainly
governed by charge transfer through TPBs and therefore the impedance spectrum is reduced to two
processes. The charge transfer ASR decreased almost by 30% to 0.16 Qcm® compared to the charge
transfer ASR of non-infiltrated GDC. This suggests that the catalytic activity of the electrode
increases with increase in Ni content and TPB length as found in the 3-D image reconstruction
quantitative analysis. The chemical capacitance of 10xNi-GDC electrode may become lower due to a

higher Ni content.
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Interestingly, the area specific resistance of the electrode with the highest Ni content decreased
dramatically from 12.2 to 0.3 Qcm® mainly due to the drop in the low frequency resistance. The
reason could be that higher Ni concentration homogeneously distributed throughout the electrode
provides not only multiple TPBs and better electronic conductivity, but also leads to an enlarged
effective active region (29). The active region in such circumstances is not limited to a few microns
region from the electrolyte-electrode interface, and can include a larger volume of the electrode,
thereby minimising mean diffusion path and easing mass diffusion from the areas close to the

electrode surface.
To summarize, the significance of the Ni phase in infiltrated electrodes is threefold:

a. It provides additional catalytic activity, revealed in a lower value of the high frequency
resistance, associated with the charge transfer process, with Ni phase increase.

b. It provides electronic conductivity and assists in uniform and effective current distribution
inside the electrode. The electronic conductivity of GDC scaffold alone is about 4 orders of
magnitude lower than that of the 10xNi-GDC electrode.

c. It helps to enlarge the active region which in turn reduces average diffusion length and

therefore reduces mass diffusion resistance.
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4.3.3 The effect of scaffold porosity
The current density versus overpotential plot for the 10 times Ni infiltrated GDC ink#1 (micro-

pores only) and ink#2 (micro- and macro-pores) fuel electrodes is shown in Figure 4.17.
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Figure 4.17. Current density vs overpotential of the cell with 10 times Ni infiltrated GDC fuel electrodes
based on ink#1 and ink#2, as measured between the reference and the working electrodes (the voltage drop
includes the contributions from the infiltrated electrode and the uncompensated iR drop between the RE

and WE). The cells were tested in humidified 50% H, — 50% N, at 700 °C.

It seems that the performance of both electrodes is comparable, while a slightly higher current
density was achieved with the ink#1 both in the fuel cell and the electrolysis modes. In addition, the

electrode based on the ink#1 exhibits a nearly symmetrical behaviour in both modes.

The EIS response, as measured between the reference and the working electrodes, in humidified
50% H, — 50% N, at 700 °C for 10xNi-GDC ink#1 and ink#2 is shown in Figure 4.18. The total ASR
of the ink#2-based electrode is approximately 1.8 times lower compared to ink#1-based electrode, as

summarised in Figure 4.19.

This is due to the decrease in both high and low frequency processes assigned to charge transfer
and mass transport polarisations, respectively. These results are surprizing, as ink#1-based electrode is
likely to contain more TPB than that based on the ink#2, hence the charge transfer polarisation was
expected to be lower in the ink#1-based electrode. The high value of the low frequency arc in ink#1-

based electrode implies high diffusion resistance, probably due to the extensive Ni coarsening that, in
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consequence, may have led to some of the open porosity clogging. If true, this blockage may not only
account for the increase in the low frequency arc, but also a reduction in available TPBs. In addition,

Ni coarsening in general may lead to a decrease in TPB length as was verified by SEM analysis

(Figure 4.4).
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Figure 4.18. Galvanostatic impedance spectra (100 mHz-100 kHz) of the 10xNi infiltrated GDC ink#1 and
ink#2-based fuel electrodes at 700 °C in humidified 50% H, — 50% N, under OCP, as measured between

reference and working electrodes. The inset represents the corresponding equivalent electrical circuit.
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Figure 4.19. High and low frequency resistances and total electrode polarisation of 10xNi-GDC electrodes
prepared from ink#1 and ink#2 tested at 700 °C in 50% H, — 50% N, under OCP, as measured between

reference and working electrodes.
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Moreover, the micro-pores of the ink#1 based electrode could be too small to maintain 10 Ni
infiltrations in the first place, and/or the total porosity of the electrode was not sufficient. According
to the 3-D image reconstruction, the open porosity of the 10xNi—-GDC (ink#1) was only 20%
(Table 4.1). The other reason for increased low frequency resistance in ink#1-based electrode could

be a higher value of chemical capacitance due to a higher content of the GDC phase.

The j-V curves in Figure 4.17 and the impedance spectra in Figure 4.18 both give different
results for the relative performance of ink 1 over ink 2. This apparent contradiction may be due to the
uncertainty regarding the potential of the reference electrode in the three electrode measurements,
although great care was taken to align the working and counter electrodes for the. It therefore appears
that EIS gives more reliable information regarding the polarization resistance of the electrode.
However, to assign a corresponding process associated with the EIS data can be difficult, especially

when mixed-conducting materials are concerned.

Two important conclusions may be derived from these observations. Firstly, there is a certain
amount of porosity and a pore size that should be maintained in infiltrated electrodes. And secondly,
there is a certain amount of infiltration that may be tolerated by a scaffold with certain porosity to
achieve an optimized performance. All these are due to the inevitable decrease in a pore size and
porosity fraction with the increase in volume of the infiltrated phase. This implies that there is a local
minimum in ASR plotted as a function of porosity / infiltrated material fraction ratio for each average
pore size. It is likely that the ASR will start to increase after a certain threshold is reached as shown

schematically on the sketch in Figure 4.20.

| —

Figure 4.20. A schematic representation of the ASR as a function of porosity / infiltrated material fraction

ratio for different average pore size.
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The results of the present study provided experimental data for the initial one-dimensional
numerical model of Ni-GDC infiltrated electrodes, which estimates the effect of the electrode
microstructure on performance (6). Although the initial model did not take into account the infiltrated
phase, it emphasizes the impact of the mean pore size of the mixed-conducting GDC scaffold on
electrode performance. The ASR of the electrode with smaller mean pore size (< 1 um) is associated
with lower gas diffusivity especially at higher current densities, at which faster fuel diffusion through
the porous electrode is required. The contribution of the nickel phase by enhancing the

electrochemical activity around the TPB and electrical conductivity of the electrode will be taken into

account to improve the accuracy of the model in the future work.

4.3.4 The effect of temperature

The current density vs overpotential plot of the cell with the 10 times infiltrated ink#2-based
GDC electrode was measured at 5 temperatures, 550 °C to 750 °C with 50 °C increments, between the

WE and CE in a four-electrode set-up, as shown in Figure 4.21. As expected the performance of the

cell increased with temperature.

0.08

0.06

Current Density (A/lcm?)

-0.08

Figure 4.21. The j-V performance of the 10 times infiltrated ink#2-based GDC electrode in the range of 550-

750 °C in a humidified 50% H, — 50% N, atmosphere in a two-electrode set-up.
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Chapter IV: Ni-Infiltrated GDC Electrodes

The EIS spectra of this electrode at different temperatures are plotted in Figure 4.22. High
frequency intercept in the Nyquist plot, which mainly accounts for the ohmic resistance of the

electrolyte, varies from ~3 Qcm” at 750 °C to 16 Qcm® at 550 °C.

According to Figure 2.5 the logarithm of conductivity, o, of YSZ at 700 °C is -2 S-cm™". Thus the
ASR at 700 °C can be calculated through conductivity and electrolyte thickness, L, for 300pum thick

YSZ electrolyte as follows.

L _300-10°

oor 3@’ 2

ASR (YSZ @700 °C )=R-A=L-p=

The calculated value is close to that obtained in the experiment from the EIS spectrum (~3.9
Qcm’). Differences in the thickness of the YSZ electrolyte pellets (50 pum) can lead to variation in

the values of high frequency intercept between different cells.

15
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650C
-10 = 600C| |
- = 550C
54— . . . —
0 5 10 15 20 25 30

Z' (Qcm?)
Figure 4.22. EIS measurements of the 10 times Ni infiltrated GDC electrode based on ink#2 at 550-750 °C in
humidified 50% H, — 50% N, under OCP in two electrode set-up, i.e. as measured between working and

counter electrodes.

Figure 4.23 demonstrates the complex impedance response of the cell at open circuit and
different temperatures for 50% H, — 50% N, as measured in three-electrode configuration, i.e.

between the working and reference electrodes (WE-RE).
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Figure 4.23. Galvanostatic impedance spectra (100 mHz-100 kHz) at open circuit and different temperatures
for 50% H, — 50% N, as measured between reference and working electrodes. An inset demonstrates the
corresponding equivalent circuit. The value of the series resistance (R_hfi) was set to zero for the data
presented in this study to compensate for the variable uncompensated iR drop between the WE and RE

under different conditions (16).

At least two processes, in the high and low frequency regions, commonly attributed to charge

transfer at the TPB region and gas diffusion, respectively, could be identified (23).
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Figure 4.24. High and low frequency resistances and total electrode polarisation at different temperatures

and open circuit for 50% H,— 50% N, as measured between reference and working electrodes.

The impedance spectra were fitted using the equivalent circuit shown in the inset of Figure 4.23.

At OCP and 580 °C the polarisation of the working electrode was 0.340 Qcm” and decreased further
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to 0.144 Qcm’ as the temperature increased to 750 °C. These values of resistances are within the
ranges of those reported for conventional Ni-YSZ electrodes (30) and lower than 0.8 Qcm? reported
by Kim et al (20). Figure 4.24 displays the components of high and low frequencies polarisations of

the electrode as well as its total ASR.

As expected, the total polarisation resistance of the electrode decreased with temperature.
Temperature has a more pronounced effect on the high frequency resistance than on the low
frequency resistance, though both show variation with temperature. The low frequency feature may
contain a contribution from the chemical capacitance of the GDC scaffold (17, 20), which will be

temperature and oxygen partial pressure dependant.

4.3.5 Effect of gas composition

To study the influence of H, partial pressure on the polarisation of the electrode, an experiment
was carried out at fixed temperatures for three different H,-N, concentrations. The total working
electrode polarisation increased from 0.154 Qcm® to 0.219 Qcm® when the H, concentration was

reduced to 20% (Figure 4.25).
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Figure 4.25. Galvanostatic impedance spectra (100 mHz-100 kHz) at open circuit for different H,-N,

concentrations at 690 °C as measured between the reference and working electrodes. The inset shows the

corresponding equivalent electrical circuit.
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The high frequency polarisation of the working electrode at all H, concentrations remained

almost identical and equal to ~0.05 Qcm” (Figure 4.26).
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Figure 4.26. High and low frequency resistances and total electrode polarisation at open circuit for different

H,-N, concentrations at 690 °C as measured between the reference and working electrode.

However, the low frequency polarisation became more significant at lower H, concentrations.
Assuming that gas diffusion is one of the rate-limiting processes at low frequencies, such an effect of
hydrogen concentration on electrode resistance would be expected (31). Similar phenomena were
revealed at 580 and 750 °C. Earlier reported findings suggest that gas diffusion significantly
contributes to the polarisation in screen printed Ni/GDC electrodes, probably due to large gas

stagnation zones inside the cell (31).
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4.3.6 Activation energies calculation
Arrhenius plots of the electrode ASR over the entire test matrix measurements based on EIS data

for high and low frequency polarisations are displayed in Figure 4.27 and Figure 4.28, respectively.
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Figure 4.27. Arrhenius plot of the electrode ASR associated with higher frequency polarisation over the
range of temperature and H,/N, gas mixture ratios tested at ~OCP. Corresponding values for activation

energies in both the symmetrical cell and the fuel cell are denoted.

The Arrhenius plots show good linearity over the wide range of temperatures for both high and
low frequency polarisations. However the linear regression fits, giving the activation energies for each

process, are different.

No significant variation in activation energy with different H,/N, gas mixture ratio was observed
for high frequency resistances. The activation energy associated with high frequency arc in a
symmetrical cell was comparable with the values estimated for a fuel cell and lay within the standard
error (0.65+0.15 eV). The values (~0.53-0.58 ¢V) were in the range of charge transfer activation
energies and close to 0.50 eV obtained in (32) for hydrogen oxidation on Ni-GDC anodes at
temperatures from 550 to 650 °C. The activation energy for Ni-infiltrated electrodes in the present
study was lower than that obtained by Jiang ef al. (33) for Ni porous anodes infiltrated with GDC

nano-particles (~0.75 eV) and significantly smaller than that of Ni/YSZ cermet anodes (~1.1 eV)

129



Chapter IV: Ni-Infiltrated GDC Electrodes

reported by Kromp et al. and Leonide ef al. (34, 35). The relatively low values of charge transfer
polarisation and activation energy suggests that Ni-infiltrated GDC electrodes can be considered for
application in SOC devices. Improvement in the electrocatalytic oxidation of hydrogen on ceria-based
electrodes has been shown in other studies (15, 36-38). The lower value of the charge transfer

activation energy renders these electrodes appropriate for intermediate temperatures.

Temperature (K)

1000 950 900 850
-1.0 T T T T T T T T
o 80H,-20N,
e 50H,-50N, _AEy
A 20H,-80N, i
— -1.54 - - -Linearfit P
S .o
é P - _® —a2
’:| L7 . lf’::"’DEaS
E 20{ *- PR
- o7 E_=0.34£0.051eV
e al
ez E_=0.27+0.028eV
; z - a2
E_,=0.23+0.002eV
-2.5 T T T T T T T T T T
095 100 105 110 115 120

1000/T (K™)

Figure 4.28. Arrhenius plot of the electrode ASR associated with low frequency polarisation over the range

of temperature and H,/N, gas mixture ratios tested at ~OCP.

The activation energies for the lower frequency polarisation were smaller than those for the high
frequency and varied between 0.23 and 0.34 eV. They are also lower than the equivalent value of 0.45
eV reported by Lee ef al. for Ni-GDC electrodes fabricated by tape casting (32). These variations are
likely to be due to the differences in electrode microstructure and cell configuration, as well as the gas
flow conditions. In addition the temperature dependence may account for the chemical capacitance, as
was mentioned in 4.3.4. The fact that the activation energies of the low frequency process show a
minor (but not a null) temperature dependence can imply that it is neither pure gas diffusion in the
pores nor a simple chemical process, and that it is probably a combination of both processes. To

validate this further investigation is required.
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4.3.7 Short-term degradation study
Short-term degradation was studied in both GDC ink#1 and ink#2 based electrodes infiltrated 10

times each.

10xNi-GDC (ink#2-based)

In the course of 4 days (approx. 100 hrs) the cell was exposed to a range of temperatures
between 580 and 750 °C. Several i-V curves and impedance spectra were recorded during the
experiment, while most of the time the cell was held at OCP. Identical measurements were performed
at the beginning and the end of the experiment to estimate the short term stability of the cell. The

current density versus overpotential in three-electrode measurements is shown in Figure 4.29.
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Figure 4.29. Current density vs overpotential on the first and fourth day of operation in 50% H, — 50% N, at

690°C as measured between the working and reference electrodes (the voltage drop includes the

contributions from the infiltrated electrode and the uncompensated iR drop between the RE and WE).

Due to the three-clectrode configuration the voltage drop includes the contributions from the
infiltrated electrode and the uncompensated iR drop between the WE and RE (16). Some degradation
of the cell was observed. The OCP at 690 °C in 50% H, — 50% N, atmosphere (as a reference
condition) decreased from -1.106 V to -1.090 V. This may be attributed to sealing issues. The current

density at an overpotential of 0.5 V decreased from 0.47 A/cm® to 0.3 A/cm’.
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Based on the EIS data (Figure 4.30) the main contribution to the increased ASR over time was

ohmic losses as R_Afi increased from 0.774 to 1.306 Qcm’ (69%).
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Figure 4.30. Galvanostatic impedance spectra (100 mHz-100 kHz) at OCP over time for 50% H, — 50% N, at
690 °C as measured between the reference and the working electrodes. The inset shows the corresponding

equivalent circuit.

A relatively small change in the total electrode polarisation (the ASR) was observed (only 13%),

as shown in Table 1.

Table 4.2. ASR values extracted from the equivalent circuit in the inset of Figure 4.30 for the cell operation

over approximately 100 hrs at 690 °C under OCP and in 50% H, — 50% N, atmosphere.

R_hfi, Qem’ | R_h, Qem’ R_1, Qcm’ Total electrode
polarisation, Qcm’
Ist Day 0.774 0.054 + 0.114 = 0.168
4th Day 1.306 0.069 + 0.121 = 0.190
Difference 0.532 (+69%) | 0.015 + 0.007 = 0.022 (+13%)

The microstructure of the electrode, inspected by SEM after the experiment is shown in
Figure 4.4c-e. The formation of Ni agglomerates could be seen after cell exposure at 550-750 °C for 4
days. This modification of the microstructure can give rise to a local depletion of Ni on the GDC
surface and, as a result, to a loss of TPB length and connectivity between Ni particles. Despite this,
the total electrode polarisation increased only by 13% (Table 4.2), meaning that the electrochemical

performance of the electrode was not affected appreciably during this period. This may be explained
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by mixed conductivity and catalytic qualities of doped ceria towards H, electrochemical oxidation and
is in agreement with recent findings (38, 39). Hence, the electrochemical performance may be
insensitive to some disruption in Ni pathways, though clearly major loss of conductivity would be
expected to impact electrochemical performance as well as ohmic losses. Microstructural changes in
Ni-infiltrated GDC electrodes may originate from de-wetting between Ni and GDC phases and the
high mobility of Ni nano-particles at elevated temperatures leading to particle coarsening (40).
Therefore in order to take technological advantage of the enhanced properties of percolated Ni-
infiltrated GDC electrodes this issue should be addressed. To overcome Ni agglomeration, and to
ensure microstructural stability, it is possible to co-infiltrate the GDC scaffold with Ni in combination
with low surface energy oxides (such as CeO,, MgO, etc) which could play a role as anchoring sites
between Ni and GDC, inhibiting metal diffusion. It has been shown that addition of MgO, TiO,,

Mn;0,, and Cr,O; suppressed Ni agglomeration in Ni-YSZ anodes (40-42).

The increased ohmic losses may also originate from increased contact resistance to the electrode
due to a possible volume expansion of GDC in reducing conditions, which may cause strain between
YSZ and GDC and lead to degradation of the GDC-YSZ interface (43). Additionally, the solid state
reaction between doped zirconia and ceria at high temperatures (1300-1500 °C), which may affect the
conductivity, has been reported previously (44, 45). However, no structural changes in YSZ-GDC
interface were observed in this study by SEM, and therefore at this stage the reason for the increased
ohmic losses is not clear and requires further investigation. In addition, the loss of a percolating Ni

network during the aging process may be another possible source of increasing R _hfi.

10xNi-GDC (ink#1-based)

The degradation of the GDC Ink#1-based electrode with 10 Ni infiltrations was estimated in fuel
cell and electrolysis modes over a period of 40-60 hrs at 600 °C in a humidified 50% H, — 50% N,
atmosphere under 10 mA and -10 mA current loadings as shown in Figure 4.31. In these data the fuel
cell and electrolysis modes were run sequentially on the same cell. Similar features of the cell

potential with time observed in this plot are due to the variations in the lab temperatures between day
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and night time. During the night time, the air conditioning was switched off leading to temperature
increase in the water bubbler (hence an increase in H,O partial pressure) and decrease in a heat loss
from the furnace in which the cell was held. These temperature instabilities in turn resulted in a
decrease (in absolute values) of the cell potential during night time; during day time the cell potential

returned to its original base line.
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Figure 4.31. Potential variations with time of the cell with GDC Ink#1-based fuel electrode with 10 Ni
infiltrations in fuel cell and electrolysis modes over a period of 40-60 hrs at 600 °C in a humidified 50% H, —
50% N, atmosphere under 10mA and -10mA current loadings, as measured between the working and the

reference electrodes. The measurements were run sequentially on the same cell.

In general, the experiment lasted 13 days (~320 hrs in total), during this time several degradation
measurements, as described above, as along with other measurements under OCP conditions were
performed. The OCP value at the end of the experiment (-1.098 V) is close to the theoretical value at
600 °C (-1.116 V) indicating that appropriate sealing had been maintained during this period.

In the course of the degradation test the EIS spectra was measured every 5 hrs to track changes
in the ASR. In Figure 4.32 and Figure 4.33 impedance spectra and j-V curves at 600 ‘C under OCP in a
humidified 50% H, — 50% N, atmosphere on the 1% and 13™ days of the experiment are represented,

respectively.
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Figure 4.32. Galvanostatic impedance spectra (100 mHz-100 kHz) of the GDC Ink#1-based fuel electrode with
10 Ni infiltrations at 600°C under OCP in a humidified 50% H, — 50% N, atmosphere as measured between
the reference and the working electrodes on the 1" and 13" days of the experiment. The inset displays the

corresponding equivalent circuit.

Virtually no differences in the current density and overpotential of 0.3 V in the fuel cell branch
of the j-V curve were detected between the two measurements. The performance in electrolysis mode

slightly decreased after 13 days of the experiment (Figure 4.33).
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Figure 4.33. Current density vs overpotential of the GDC Ink#1-based fuel electrode with 10 Ni infiltrations at

600 °C under OCP in a humidified 50% H, — 50% N, atmosphere as measured between the working and

reference electrodes on the 1* and 13" days of the experiment.
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Table 4.3 summarizes the ASR of the electrodes on the 1* and the last day of the experiment. In
contrary to the short-term degradation results for GDC ink#2 based electrode (Table 4.2), the ohmic
resistance of the GDC ink#1 based electrode did not change even after longer experiment times (~320
hrs). It can be explained by the fact that the more homogeneous scaffold structure (ink#1-based) is

more stable during prolonged exposure to high temperatures.

Table 4.3. ASR values extracted from the equivalent circuit in inset of Figure 4.32 for the cell operation over

approximately 320 hrs at 600 °C in a humidified 50% H, — 50% N, atmosphere.

R_hfi, Qem®> | R_h, Qem’ R_1, Qem® Total electrode
polarisation, Qcm?
1st Day 0.931 0.552 + 0.885 = 1.437
13th Day 0.949 0.599 + 1.110 = 1.709
Difference 0.018 (+1.9%) | 0.047 (+8.5%) +  0.225(+25.4%) =  0.272(+18.9%)

The total electrode polarisation on the 13" day of the experiment had risen by 18.9% from 1.4 to
1.7 Qcm’ (Table 4.3). This is mainly due to the increase in a low frequency arc resistance from 0.9 to
1.1 Qcm? (25.4%) and to a minor extent due to the high frequency arc resistance increase from 0.5 to
0.6 Qcm® (8.5%). SEM analysis of this sample (Figure 4.4f) indicates that Ni agglomeration and
coarsening occurred, apparently to a higher extent than in a shorter ~100 hrs experiment. As discussed
previously in section 4.3.3, Ni particle coarsening can give rise to pore blockage thereby obstructing
the fuel species from reaching active reaction sites (thus increasing the diffusion polarisation) and
leading to a loss of TPBs in general (leading to a charge transfer polarisation increase). The total
electrode polarisation increase was found to be higher for longer experiment (18.9% (1.7 Qcm?®) for

~320 hrs versus 13% (0.12 Qcm?) for ~100 hrs).

The loss of TPBs can be compensated by the mixed-conductive nature of the GDC scaffold. This
phenomenon could clearly be seen in both degradation study cases as the charge transfer resistance
was only slightly affected by Ni coarsening. This may account for the minor performance decrease
found in the j-V curve. The reason for non-symmetrical behaviour between fuel cell and electrolysis

modes performance is still unclear and requires further investigation.
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From the comparison between short term degradation in electrodes based on ink#1 and ink#2, it
can be concluded that the impact of Ni coarsening on the microstructure in the ink#1 based electrode
will be more severe due to the blockage of fine pores. In contrast, Ni coarsening does not seem to
affect gas diffusion appreciably in the ink#2-based electrode due to considerably bigger pores.
However, the ink#1-based electrodes seem to be more robust and therefore mechanically stable for

longer term operation. Further experiments are required to confirm this.

4.4 Conclusions for Chapter IV

The purpose of this chapter was to characterise microstructural development as well as
electrochemical performance of Ni-infiltrated GDC electrodes across a wide range of temperatures
and hydrogen concentrations. Two different GDC scaffolds were prepared forming only micro-
porosity (ink#1) and combined macro- and micro-porosity (ink#2).

First, the qualitative and quantitative analysis of infiltrated electrodes microstructure, using 2-D
and 3-D imaging methods, was presented. The conclusions from microstructure studies can be
summarised as following.

e  After ten infiltrations the full uniform coverage of almost equal size Ni nano-particles on a
ceramic matrix was obtained in both ink#1-based and ink#2-based electrodes. In spite of the
uniform coverage, the particles were individually dispersed. This may be as a result of poor
wettability between the GDC scaffold and Ni.

e  After experiments in humidified H,-N, and at 550-750 °C, Ni particle coarsening can be
identified, although to a different extent depending on experiment duration. The coarsening
features relatively little Ni particle growth after a short-term experiment (~5 hrs), through snake-
like coarsening after ~100 hrs, to coarse agglomerate formation after a longer-term experiment
(~320 hrs).

e  The 3-D image reconstruction quantitative analyses of the 1xNi-GDC and 10xNi-GDC samples
suggest that the nickel particles are uniformly distributed inside the scaffold. This is in agreement
with the SEM-EDX map of Ni distribution.
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o  The TPB densities in the 1xNi-GDC and 10xNi-GDC electrodes were found to be about 5 times
and one-order of magnitude larger than those in the conventional electrode, respectively.

e Based on the 3-D image reconstruction quantitative analysis, the Ni volume fraction was found to
be 19.8 vol%. This is in agreement with Ni concentration assessed by the weighing method.

e The 3-D image reconstruction quantitative analysis suggests that there is no percolating Ni
clusters observed in the tested region. This is in agreement with 2-D imaging results but
somewhat contradicts electronic conductivity measurements. Van der Pauw electronic
conductivity method showed a shift to a metallic-like behaviour of the electrode after 6 Ni
infiltrations. The excess of Ni on the electrode surface during infiltration creates a thin (~1 um)
Ni ‘islands’ with restricted connectivity that may cause the observed shift towards metallic
behaviour. Therefore, the results of the van der Pauw technique probably represent both the bulk
conductivity of the electrode and a contribution from surface Ni. The Ni ‘islands’ may have a
positive effect on the electrode current collection and distribution.

e At 700 °C the conductivity of the 10xNi-GDC (25 wt%) electrode was as high as 620 S/cm. A
similar conductivity was measured at 700 °C for Ni — SDC electrodes prepared from NiO — SDC
composite powders with significantly higher Ni content of 35 wt%. This is probably due to a
small initial Ni particle size and a more effective Ni particles distribution inside the infiltrated
electrodes. The excess Ni on top of the electrode could also improve to the electrode

conductivity; however its contribution is difficult to estimate.

The validity of using the three-electrode set-up, for the specific cell configuration and cell
dimensions used in the present study, was confirmed by impedance measurements in a symmetrical
cell. Symmetrical two-electrode and three-electrode fuel cell measurements show consistent results

for the electrolyte resistance, and for the activation energy of the high frequency polarisation process.

Electrochemical performance in fuel cell mode was evaluated using three-electrode DC and AC
measurements over a range of temperatures (550-750 °C) and hydrogen concentrations (20-80%). At
750 °C and 50% H, — 50% N, atmospheres the ASR of the anode was 0.14 Qcmz, comparable or

lower than state-of-the-art Ni-YSZ anodes. This was related to a large TPB length of infiltrated
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electrodes (one-order of magnitude larger than those in the conventional electrode) as found using 3-

D image reconstruction quantitative analysis.

The effect of Ni concentration in ink#2-based GDC scaffold on the electrode performance was

studied with pure GDC, 6 and 10 Ni infiltrations. The main findings can be summarised as follows.

e Based on j-V curve results in fuel cell and electrolysis modes, the 10 times infiltrated electrode
showed the highest performance amongst other samples in fuel cell mode, whereas the
performance of the 6 times infiltrated electrode was slightly higher in electrolysis mode. The
reason for non-symmetrical behaviour requires further clarification.

e It is likely that the electrochemical reaction in Ni infiltrated GDC electrodes take place on the
double phase boundary due to the mix-conducting nature of ceria. Even though the results
suggest that the performance improves with increase in Ni concentration.

e  The impedance spectra of the electrodes with pure GDC or low (6 infiltration) Ni concentration
can be fitted into three semi-circles implying the mixed conducting nature of GDC under fuel gas
conditions. The possibility of mixed-conductivity under the measurement conditions was
confirmed by thermodynamic calculations.

e  The mixed-conductivity of GDC implies that the electrochemical reaction can occur via the
chemical diffusion of electrons and oxygen ions through the mixed conducting scaffold surface.
In this case the reaction site extends from the triple-phase boundary to the ceria-pore double-
phase boundary.

e In general, based on the data presented here it is difficult to assign a process to the impedance arc

quantitatively, and to do so further research is required.

The threefold significance of the Ni phase in infiltrated electrodes was identified:

e The Ni phase provides additional catalytic activity, which revealed in a lower value of the high

frequency resistance, associated with charge transfer process, with Ni phase increase.
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e The Ni phase provides electronic conductivity and assists in uniform and effective current
distribution inside the electrode. The electronic conductivity of GDC scaffold alone is about 4
orders of magnitude lower than that of the 10xNi-GDC electrode.

e The Ni phase helps to enlarge the active region which in turn reduces average diffusion length

and therefore reduces mass diffusion resistance.

The effect of scaffold porosity on the electrode electrochemical performance was studied using
10 times Ni infiltrated GDC electrodes fabricated from ink#1 and ink#2. The main conclusions are
that due to the inevitable decrease in a pore size and porosity fraction with the increase in volume of

the infiltrated phase:

e  There is a certain amount of porosity and pore size that should be maintained in infiltrated
electrodes, and
e  There is a certain level of infiltration that may be tolerated by a scaffold with certain porosity to

achieve an optimized performance.

The optimal ratio between the porosity fraction, pore size and the infiltrated phase fraction

should be further modelled and verified experimentally.

It appears that EIS gives more reliable information regarding the polarization resistance of the
electrode. However, to assign a corresponding process associated with the EIS data can be difficult,

especially when mixed-conducting materials are concerned.

The effect of temperature and hydrogen concentration on the high and low frequency features of
the electrode EIS response was studied. The activation energy of the higher frequency response was
found to be in the range of ~0.53-0.58 eV and was attributed to charge transfer. These values are
found to be lower than those typically reported for Ni-YSZ electrodes. Low values of charge transfer
polarisation and activation energy may suggest reasonably high electrochemical performance of the
Ni-infiltrated GDC electrodes and their possible use at intermediate temperatures SOCs. The

activation energies of the lower frequency region were attributed to a combination of gas diffusion
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and chemical capacitance associated with the GDC scaffold. Though, further research is required to

confirm this.

The results of the short-term (~100 — 320 hrs) degradation performance of infiltrated electrodes

can be summarised as follows.

e To some extent, the loss of TPBs, due to Ni agglomeration and coarsening, can be compensated
by the mixed-conducting nature of the GDC scaffold. This phenomenon could clearly be seen in
both degradation study cases as charge transfer resistance was only slightly affected by Ni
coarsening. Despite this, Ni coarsening may become a rate limiting factor over the longer-term
and therefore must be addressed in future work.

e Ni particles coarsening can give rise to pore blockage thereby obstructing the fuel species from
reaching active reaction sites (thus increase in a diffusion polarisation in both experiments) and
leading to a loss of TPBs in general (thus a slight increase in charge transfer polarisation in both
experiments). The total electrode polarisation increase was found to be higher for longer
experiment (18.9% for ~320 hrs vs 13% for ~100 hrs).

e The ohmic resistance of the GDC ink#1 based electrode did not change after longer experiment
duration (~320 hrs) compared to the increase of 69% in the ohmic resistance of the GDC ink#2
based electrode after a shorter experiment (~100 hrs). This can be explained by the fact that more
homogeneous scaffold structure (ink#1-based) is more stable during prolonged exposure to high

temperatures.

The results indicate the potential capability of Ni-infiltrated GDC electrodes for future
application in SOCs due to the relatively low values of charge transfer polarisation and activation
energy. Despite the early stages of developing this class of electrodes, the results are encouraging. At

the same time there is clearly potential for further optimisation of the microstructure.
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CHAPTER V

LASER SINTERING FOR SOC ELECTRODE FABRICATION

5.1 Introduction

The microstructure of the electrodes in SOCs plays a crucial role in determining the
electrochemical performance of the cell. With the goal of ‘electrodes by design’ in mind, in this
section the feasibility of using a direct metal laser sintering (DMLS) technique for electrode
fabrication is explored. Additive laser manufacturing is a completely novel approach to the field of
solid oxide cell electrodes fabrication. The main advantage of this technique is that precise control
and design of microstructural parameters are possible due to laser — materials interaction, as described
in the literature review, section 2.9. In addition this method may potentially offer fast and
reproducible electrode fabrication, parameters that are important for scalability. On the other hand, the
scientific and technical aspects of the production route and the effects of manufacturing parameters on
the microstructural evolution during the process have not been well explored. Moreover there are
numerous combinations of different parameters that make this method very complex. As a

consequence, this technique currently relies upon experimental data (1).

In this chapter the methodology and design of the experiments are firstly outlined. These are
followed by the results of the microstructure characterisation and electrochemical performance of the
full cell. The feasibility of laser sintering technique for fuel cell applications and the challenges are

discussed.
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5.2 Objectives

The main objectives of this study are:

e To examine the feasibility of using DMLS for fuel cell preparation in the Ni-YSZ
(powder) / YSZ (substrate) system.

e To explore the relationship between process parameters, microstructure and
electrochemical performance of the cell.

e To identify effective processing parameters for electrode fabrication using DMLS.

5.3 Methodology of electrode fabrication using direct laser metal
sintering

5.3.1 Equipment and design of the experiment

This study has been conducted in collaboration with the 3-D Systems (formerly CRDM)
company and the experimental work was carried out on the 3-D Systems site. The EOSINT M 270
facility with 200 W YAG pumped fibre pulse laser (A=1.06 um, laser frequency 8000 Hz) in a 98.5%

N, — 1.5% O, atmosphere was used for 3-D laser sintering.

Three sets of experiments have been accomplished in this study. In each set of experiments
either a Ni-YSZ cermet or a Ni metal powder were laser sintered on the top of dense YSZ pellets of
250-300pum thickness and 20mm diameter (obtained from fuelcellmaterials.com) used as a substrate
for the laser sintered layer. The pellet holder was custom made from stainless steel to hold the YSZ

substrates. During SLS experiments the holder was heated to 80 “C.

The rationale behind the experiments was to create an electrode on the YSZ electrolyte and
compare it to those formed by screen printing. Because this sort of experiment has never been
reported before, the following process was used to find an appropriate combination of laser

parameters/materials:
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a) Arbitrary parameters (laser, materials) over a relatively broad range were chosen at the
beginning and

b) Then the parameter window was narrowed down based on results of the previous iteration.
To achieve the objectives the research was divided into three steps:

e Step I —initial investigation: broad spectrum of laser parameters used.

e Step II — further investigation: narrowing laser parameter window and materials used,
increasing number of samples.

e Step III — full cell preparation and electrochemical testing, fabrication parameters are

based on the results from previous steps.

The detailed design of experiments, materials selection and laser parameters for each step will be

further discussed in the subsequent sections.

5.3.2 Materials selection

In the first step a cermet powder consisting of 50 wt% Ni — 50 wt% YSZ was chosen for the
laser sintering process. The powder particle size was chosen deliberately such that the YSZ particles
were an order of magnitude smaller than Ni particles to enhance contact between the substrate and the

cermet powder, and to ensure better accessibility of the laser to the Ni particle surface.

Table 5.1 summarised details of cermet powder size and preparation parameters.

Table 5.1. List of cermet Ni-YSZ powders used in DMLS experiment
Sample | wt% (Powder source) Original powder particles Pre-sintered Sintering
size, um (Specific surface conditions conditions
area, m>/g)
N1 50 wt% Ni (sigmaaldrich.com) | 0.8 1hr ball milling + 1 hr at 1000 °C
50 wt% YSZ (tosoh.com) 0.06 (16) dispersant (N5, H,)
N2 50 wt% Ni (sigmaaldrich.com) | 0.8 1hr ball milling + 2 hrs at 1000 °C
50 wt% YSZ (tosoh.com) 0.06 (16) dispersant (N,, Hy)
N3 50 wt% Ni (sigmaaldrich.com) | 0.8 1hr ball milling + 3 hrs at 1000 °C
50 wt% YSZ (tosoh.com) 0.06 (16) dispersant (N,, Hy)
N4 60 wt% NiO-40 wt% YSZ (1-4) as received from 2 hrs at 1000 °C
(fuelcellmaterials) supplier (N, Hy)
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To avoid segregation due to different particle sizes, the powders were ball milled together with
zirconia milling balls of 3 mm diameter. Then the powders were calcined together for different
periods of time (1, 2 and 3 hrs) to enlarge densification between powder particles and to ensure better
contact between Ni and YSZ particles. For reference, a 60 wt% NiO-40 wt% YSZ powder without
calcination (as received from supplier, Table 5.1) was also tested. Then all 4 batches were sent to 3-D
Systems for a spreading characteristic test (spreadability or flowability) conducted by the 3-D
Systems engineers. Spreadability is an important requirement because it affects the quality of the
powder coverage on the substrate and, in turn, the integrity of the 3-D part. Therefore, passing the
spreadability test is a prerequisite for further processing. The test includes passing the powder through
the roller blade of the machine over the substrate, onto which the layer is to be laser sintered. The

powder must be spread to form a smooth, thin, repeatable and uniform layer of powder.

To simplify the analysis and characterisation, and to narrow the range of parameters, in the
second and in the third steps only Ni powder (5-15 um diameter spherical particles, 99.8% Ni,
obtained from Alfa Aesar) was used to create patterned laser sintered structures. In addition, to
increase bonding between the Ni powder and the YSZ substrate, the surfaces of few YSZ pellets were
pre-metallised by applying a thin Ni layer of ~50 nm using sputtering. The electronic conductivity of
the samples was estimated at room temperature using a potentiometer by pressing the contacts of the
potentiometer Smm from each other onto the electrode’s surface. The test was done several times,
each time placing the contact tips in different directions. The microstructure was examined using a

Scanning Electron Microscope LEO Gemini 1525 FEG-SEM.

5.3.3 Flowability test of powders in Step 1

It was found that the powder N3 (calcined for 3 hrs at 1000 °C in H,-N,, Table 5.1) exhibited the
best spreading characteristics. This is likely due to the prolonged calcination conditions (3 hrs) in
which the powders agglomerated into larger and homogeneous particles (in terms of redistribution of
YSZ and Ni particles). This lowered the surface energy of each particle so that the cohesion between
powder particles themselves decreased and attachment to the blade was minimised (2). As a result, a
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uniform coverage of the powder on the YSZ substrate was achieved. At the same time, each
individual particle kept its original dimensions, because the temperature was not high enough to

maintain particle growth. The SEM image of powder N3 is shown in Figure 5.1a-b. The original Ni

powder is shown in Figure 5.1c.

EMT = 5.00 kv Signal A = InLens 30 Apr 2013
WD = 6.7 mm Mag= 7444 KX Time :10:10:39

Figure 5.1. (a-b) different magnifications of the Ni —
YSZ powder N3 after sintering at 1000 °C for 3 hrs;
(c) original Ni powder N4. Powders specifications

are listed in Table 5.1.

Signal A= InLens
Mag= 50.00 K X

5.3.4 Estimation of the thermal shock resistance of the YSZ substrate
In the course of laser sintering the powder and the substrates are subject to high temperatures. To
assess the resistance towards thermal shock, the thermal stress arising from the temperature gradient

can be calculated as follows (3):

oATE

O-thermal = m 5.1

where o

thermal

[Pa] is the fracture stress, « [1/K] is a thermal expansion coefficient, AT [K] is the

temperature gradient, £ [Pa] is the Young’s modulus (or elastic modulus) and v is the Poisson’s

ratio. By setting the peak tension equal to the fracture stress of YSZ, the temperature gradient, AT,

148



Chapter V: Laser Sintering for SOC Electrode Fabrication

that can be sustained by a material prior to a severe strength degradation, can be estimated
(Equation 5.2). The properties of YSZ are provided in Table 5.2.

Table 5.2. Material properties of YSZ.

Material Thermal Expansion O fracturer Poisson’s Young Kie MPam"/?
Coefficient, (4, 5) Mﬁa (6) ratio (7) Modulus, GPa (8)
8mol%YSZ  8-107°K* at 1000K 200 0.32 (for 155 at 900°C 1.5
7-10°K " at 473K dense YSZ) 190 at 200°C
1 —
AT = Tnernal V) 10 5.2
Fa

Note that the equation 5.1 is independent of sample sizes only when samples are extremely large.
Nevertheless, the equation may provide qualitative information. More accurate relationships for small

objects (with dimensions less than 10~ m) is a function of the Biot modulus, 4, hence o

thermal

is
. . . hL . .
proportional to 3. The Biot modulus is defined as f = 7 [no units] (9), where /4 is the heat transfer

coefficient (for YSZ h~10 * Wm™K™' (10)), L is the thickness (in our case the thickness of YSZ pellet
~300-10°m) and & is the thermal conductivity (for YSZ k~2 Wm'K™ (11)). Thus, g lies around
~1-10°. AT is inversely proportional to £ (and to the thickness), therefore AT is expected to be higher

than the ~110 °C value calculated above.

In ceramics the fracture toughness, K;. [MPa m' 2], measures the resistance of a material to crack
propagation according to eq. 5.3 (12):
K, = Yo-fi‘acture\/% >3
where Y is a geometric factor (~1) and c is a crack length.
Therefore from eq. 5.3 it is possible to estimate the minimum critical crack length above which
the crack starts to propagate in the bulk and to cause fracture (eq. 5.4). Taking K,, =1.5MPam'”?

and o ,.,,.=200MPa for YSZ (Table 5.2):

K1c2 -5
c=——"5—=179%x10"m~ 18 um 5.4
O-ﬁ’acture T

Hence the YSZ is expected to withstand cracks that are less than 18um in length.
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5.4 Results and discussion

5.4.1 General design of experiments

The laser variable parameters controlled in this study were laser speed (S) and laser power (P),
whilst others, such as hatch spacing, laser diameter, were kept unchanged. The experiments were
designed so that different settings of laser parameters could be tested with a limited number of
samples. To allow that, 5 sub-samples of 4 mm in diameter were fabricated on each YSZ pellet as
shown in Figure 5.2 (where the diameters of the fabricated electrodes are to scale relative to the YSZ
substrate). Each pellet and sub-sample was labelled so that laser parameters could be correlated with
the results of the sintering (Figure 5.2). Different combinations of laser power and laser speed were
applied on each individual sub-sample. However, the energy density (defined as laser power divided
by laser speed (Equation 2.13)) on each sub-sample within same pellet was kept unchanged on all

samples except the first one. The energy density varied between pellets.

YSZ substrate
@ (20mm in diameter, 270mm in thickness}

@ @ @ 51-55 sub-samples laser sintered with different
combinations of laser speed (S} and power {P})
@ {4 mm in diameter}

Figure 5.2. Diagram of the YSZ pellet (substrate) carrying 5 sub-samples (S1-S5) to be laser sintered.

Following is a description of each of the three steps of this study.

5.4.2 Step I - initial investigation

Design of experiments in Step I

In Step I four YSZ pellets with five sub-samples each (Figure 5.2) were fabricated by laser
sintering, applying only a single layer of cermet powder. The parameters for each consecutive sample
were set following visual inspection of the results from the previous sample. This reflected time and
equipment availability constraints, as all samples in Step I had to be produced on the same day.

Initially, wide spectra of laser speed (in the range of 200 — 4000 mm/sec) and laser power (in the
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range of 20 — 190 W) were used to fabricate the samples. Depending on the results in subsequent trials

the laser parameters were narrowed to meet the following success criteria:

a) Absence of macro-cracks during fabrication (based on a visual inspection)

b) Good adhesion of the powder to the substrate (based on a visual inspection)

Table 5.3 summarizes the details of the experiments in Step 1.

Table 5.3. Matrix of experiments in Step I.

% Sample 1 Sample 2 Sample 3 Sample 4

IE Speed, Power, Energy, Speed, Power, | Energy, Speed, Power, Energy, Speed, Power, | Energy,
g mm/sec | W j/mm mm/sec w J/mm mm/sec w J/mm mm/sec | W J/mm
= 160 40 0.25 800 40 0.05 800 40 0.05 667 20 0.03

$2 400 40 0.1 800 40 0.05 2000 100 0.05 1333 40 0.03

s3 560 40 0.07 800 40 0.05 2800 140 0.05 2000 60 0.03

s4 800 40 0.05 800 40 0.05 3800 190 0.05 2667 80 0.03

S5 160 40 0.25 800 40 0.05 400 20 0.05 3333 100 0.03

Results of laser sintering in Step I

In the first sample of Step I a relatively broad range of energy densities were used (0.05-0.25

J/mm) for sample fabrication, as evident from Table 5.4.

Table 5.4. Laser parameters used in Step | for sample 1 and the image of sample 1 after laser sintering.

% Sample 1 Sample after sintering
g
‘f Speed, Power, Energy,
o mm/sec | W
= J/mm
160 40 0.25
S1
400 40 0.1
S2
560 40 0.07
S3
800 40 0.05
S4
160 40 0.25
S5
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As can be seen from the image of the sample taken after the experiment, the only sub-substrate
that did not crack was S4 subjected to the energy density of 0.05 J/mm (Table 5.4). This result was
consistent with those obtained in sample 2 (Table 5.5), where all sub-samples were sintered under the
same conditions of laser power and laser speed at the overall energy density of 0.05 J/mm (and similar
conditions as those of S4 in Sample 1). Generally, no macro-cracks were observed in this sample
except for one sub-sample that broke. The reason for this is not clear. As all the sub-samples were
fabricated with similar conditions it is possible that the crack was caused by a local damage of the

substrate.

Table 5.5. Laser parameters used in Step | for sample 2 and the image of sample 2 after laser sintering.

.l; Sample 2 Sample after sintering
g
'f Speed, Power, | Energy,
i) mm/sec w
] J/mm
800 40 0.05
S1
800 40 0.05
S2
800 40 0.05
S3
800 40 0.05
S4
800 40 0.05
S5

In the next sample the energy density was kept as in the previous case (0.05 J/mm), but the laser
power and the laser speed varied over the range of 20-190 W and 400-3800 mm/sec, respectively, to

maintain 0.05 J/mm, as shown in Table 5.6.

Table 5.6. Laser parameters used in Step | for sample 3 and the image of sample 3 after laser sintering.

%‘ Sample 3 Sample after sintering
g

VI’ Speed, Power, Energy, Conductivity at

g mm/sec w j/mm Troom, Yes/No

S1 800 40 0.05 no

S2 2000 100 0.05 no

S3 2400 120 0.05 yes

S4 3800 190 0.05 yes

S5 400 20 0.05 no
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No macro-cracks were detected in sample 3. Additionally, electronic conductivity analysis
revealed that sub-samples S3 and S4, sintered with the maximum laser power (120 and 190 W,
respectively), were conductive at room temperature. In contrast, the sub-samples, sintered using lower
laser power, were not conductive, although the energy input remained similar in both cases. These

differences will be discussed further.

With the next sample the possibility of using even lower energy density was explored. Sample 4
was exposed to an energy density of 0.03 J/mm with varying parameters of laser speed and laser

power, as shown in Table 5.7.

Table 5.7. Laser parameters used in Step | for sample 4 and the image of sample 4 after laser sintering.

% Sample 4 Sample after sintering
g
'f Speed, Power, | Energy, Conductivity at
E mm/sec w J/mm Troom, Yes/No
667 20 0.03
s1 no
1333 40 0.03
s2 no
2000 60 0.03
s3 no
2667 80 0.03
s4 no
3333 100 0.03
s5 no

The sample did not break, but the sub-samples S1 and S3 do not seem to be fully covered with a
laser sintered layer. The non-uniform coverage of the sintered layer may be due to insufficient energy
input or it may be caused by the non-uniformity in the powder layer applied before sintering. None of

the samples were conductive.

Microstructure characterisation of laser sintered electrodes in Step I
The micrographs of laser sintered electrodes from Step I are shown in Figure 5.3a-c. The laser
path can clearly be identified in the low magnification top view image (Figure 5.3a). On the same

image micro-cracks perpendicular to the laser path can be seen.
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EHT = 5.00 kv Signal A = InLans Date :17 Apr 2013
WD= 6.8mm Mag= 1.00 KX Time :15:34:11

Figure 5.3. (a) top view of laser sintered sample; (b)
cross section of the sample 1, sub-sample S5,
fabricated with 0.25 J/mm laser energy; (c) cross

section of the sample 3, sub-sample S4 fabricated

Signal A = InLens Date :23 May 2013

Mag= 100KX Time 21:08:00 with 0.05 J/mm.

The damage caused to the YSZ substrate is higher (120-150 um depth) and more severe when
higher laser energy is applied (0.25 J/mm in Figure 5.3b). This sample broke during the experiment.
In contrast, the damaged region caused by the lower laser energy (0.05 J/mm in Figure 5.3c) is about
10-30 um and contains fewer micro-cracks. Even though, this sample did not break during the
experiment. This suggests that the micro-cracks were smaller than the minimum critical crack length

calculated above (18 pm).

It is likely that the micro-cracks appeared due to two reasons:

1) Thermal shock caused by temperature gradients. In the near infrared range of
wavelengths (A < 5 um) YSZ is almost transparent to radiation (13). However the
absorbance of nickel in this range is higher (14) meaning that Ni powder interacts with
the laser to absorb heat. When the laser couples with the powder, plasma above the
powder is formed and it is the plasma that provides the heat to melt the powder. Due to

the rapid heating of the powder by the plasma bed a steep temperature gradient develops.
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This results in a temperature gradient in the YSZ and, since the thermal conductivity of
YSZ is lower than that of Ni, thermal shock to the substrate is caused. Similar cracks due
to thermal shock in alumina, formed during laser sintering, have been reported (15).

2) Stresses due to mismatch in thermal expansion coefficients between YSZ (o = 8:10°K
"at 1000 K) and Ni (o = 13.3x10° K™"). Upon melting and cooling Ni expands and

contracts as shown schematically in Figure 5.4 (16).

Heating

Cooling

Figure 5.4. Tensile and compressive stresses caused to the substrate upon Ni powder melting and cooling

during the laser sintering process (16).

The temperature gradient is higher when higher laser power is applied. This may account for the

differences in microstructure in Figure 5.3b and Figure 5.3c.

Segregation of Ni and YSZ particles during the laser sintering process was observed. Following
interaction with the laser, Ni particles tend to form lines, as shown in Figure 5.5a; YSZ particles
formed agglomerated clusters (Figure 5.5b). This may be associated with low wettability between
YSZ and Ni (17). This observation suggests that it may be preferable to laser sinter Ni and YSZ

separately.

EHT = 5.00kV
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WO = 87 mm Mag = 20.00 KX Time :18:42:38

—
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Figure 5.5. (a) Cross section showing laser sintered Ni stripe on the YSZ substrate and (b) top view of a

feature sintered from YSZ powder of Sample 3 (S3).
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The results from Sample 3 (Table 5.6) suggest that not only energy density is important for the
quality of laser sintered parts, but also the combination of laser parameters (power and speed) used for
fabrication. To understand the reason for differences in conductivity the microstructure of the pattern
created on the substrate was closely inspected in SEM. Figure 5.6a and Figure 5.6b compare SEM
images of sub-samples S2 and S4 from Sample 3, produced with 100 W and 190 W, respectively. To
keep the same energy density of 0.05 J/mm the laser speed was adjusted to 2000 and 3800 J/mm for
S2 and S4, respectively. The microstructure of the sub-samples is different. While the microstructure

of the Ni path in S4 is flat and dense, the microstructure of Ni path in S2 is grainy and interrupted.

This may possibly indicate the reason for conductivity of the electrode in S4.

Figure 5.6. Sub-samples S2 and S4 (Sample 3) produced with 0.05 J/mm laser energy density using laser
parameters of (a) 100 W and 2000 mm/s (b) 190 W and 3800 mm/s, respectively.

Although the laser beam rested for a shorter period of time on S4, the increased laser power was
sufficient to generate enough heat and plasma for Ni particles to melt and to form a uniform
continuous path. This suggests that a minimum laser power is required to cause powder melting. In
addition, for the given energy density, using a higher laser speed allows less time for melted particles
to grow. An instant melt/freeze would ensure insufficient time for coalescence and de-wetting from

the substrate and to form individual disconnected metal ‘drops’.
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Conclusions of Step 1

The main conclusions that can be drawn from the results in Step I are as follows:

e The YSZ substrate could withstand a laser energy density of 0.05 J/mm or less without
breaking.

e Micro-cracks were observed on all substrates; however the damage caused to the
substrate decreased with decreasing energy density. YSZ is expected to withstand cracks
less than 18 pm in length.

o [t is likely that cracking in YSZ occurs due to a combination of thermal shock and the
mismatch between the thermal expansion coefficients of YSZ and Ni.

e Although Ni and YSZ form unique structures during laser sintering, they were not mixed
together to obtain a cermet network.

e Although the same energy density of 0.05 J/mm was applied, the samples were
conductive only when the laser power was 120W or higher.

e Due to segregation between Ni and YSZ particles during the laser sintering process it

was decided to continue experiments in Step II and III with Ni powder only.

5.4.3 Step II - further investigation

Design of experiments in Step I1

In this stage the experiments were designed to achieve the following goals.

a. Verification of the previous results,

b. Further optimisation of laser parameters for electrode fabrication,

c. Exploring the possibility to laser sinter a patterned Ni electrode with up to three layers of
powder.

d. Exploring the possibility to improve the adhesion between the Ni powder and the YSZ

substrate by pre-metallisation of the YSZ.
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The goals were achieved by varying and narrowing the laser parameters used for electrode
fabrication and by enlarging the total number of substrates in one run. Each pellet and sub-sample was
labelled so that laser parameters could be correlated with the results of the sintering. Table 5.8
outlines the matrix of samples. In Table 5.8 each row (R1-R4) indicates the number of layers
fabricated and each column corresponds to the energy density applied on each pellet in that column

(0.03-0.15 J/mm). The samples in the last row were pellets with a pre-metallised surface.

Table 5.8. Matrix of substrates (YSZ pellets) in Step Il.

Row Number of layers (Lateral) Energy Density [Wsec/mm=]/mm]
number

0.03 0.05 0.07 0.1 0.15
R1 L=1 1.1 1.2 1.3 1.4 1.5
R2 L=2 2.1 2.2 2.3 2.4 2.5
R3 L=3 3.1 3.2 3.3 3.4 3.5
R4 L=2; pre-metallised YSZ 4.1 4.2 4.3 4.4 4.5

Table 5.9 summarizes the laser parameters applied for each individual sub-sample (S1-S5)

within the samples (1.1-4.5) listed in Table 5.8. In total 5 x 5 x 4 = 100 sub-samples were fabricated.

Table 5.9. Laser parameters used in Step Il for each sub-sample.

(Lateral) Energy Density [Wsec/mm=]/mm]

0.03 0.05 0.07
Samples LS LP, Samples LS LP, Samples LS LP,
1.1-4.1 mm/sec w 1.2-4.2 mm/sec w 1.3-4.3 mm/sec w
S1 1333 40 S1 800 40 S1 571 40
S2 2000 60 S2 1600 80 S2 1143 80
S3 2667 80 S3 2000 100 S3 1430 100
S4 3333 100 S4 2800 140 S4 2000 140
S5 4000 120 S5 3800 190 S5 2715 190

(Lateral) Energy Density [Wsec/mm=]/mm]

0.1 0.15 Other details
Samples LS LP, Samples LS LP,
1.4-4.4 mm/sec W 1.5-4.5 mm/sec w Laser parameters for contour:
S1 200 20 s1 133 20 100W 3333mm/sec before and after
S2 400 40 S2 267 40 scan (0.03]/mm)
S3 800 80 S3 533 80 Samples 4.1-4.5 - the surface of the
S4 1400 140 S4 933 140 substrate was pre-metallised
S5 1900 190 S5 1267 190

Figure 5.7a presents the arrangement of the samples inside the chamber before the experiment.

The Ni powder was spread on the YSZ substrate by a blade (Figure 5.7b) to achieve a uniform single
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layer as shown in Figure 5.7c. The YSZ substrates with five laser sintered sub-samples each after the

experiment are shown in Figure 5.7d.

Figure 5.7. Laser sintering chamber during the experiment. (a) Four rows of five YSZ substrates (pellets) each
used in Step Il, in the last row (R4) of samples are Ni pre-metallised; (b) adjustment of a blade spreading the
layers of powder (the image was taken before experiment); (c) YSZ substrates covered with Ni powder; (d)

pellets with five laser sintered sub-samples each, after the experiment.

Results of laser sintering in Step II
All samples fabricated with energy density higher than 0.05 J/mm (Samples 1.3 — 4.5),
independently of the combination of laser power and laser speed, broke after one layer was sintered.

This is in agreement with results obtained in Step .

Among samples prepared with the laser energy of 0.05 J/mm, only Sample 1.2 (one sintered
layer) did not break and the others, with two or three layers, broke. In contrast, none of the samples
fabricated with 0.03 J/mm (Samples 1.1-1.4) broke even after three laser sintered layers. Between the
two consecutive layers there was a time gap of about one minute to allow spreading of the next
powder layer. This is sufficient time for the substrate to cool down. Therefore, the cracking was not
caused by the build-up of the temperature on the substrate. Two possible explanations can be put

forward to explain why repetitive laser sintering caused the substrate break.
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According to the conclusions of Step I, the damage to the substrate is caused across the
whole range of energy densities and is proportional to the energy density. The
accumulation of the thermal stresses is therefore a function of the energy density. Hence,
the results might suggest that in samples 2.2-4.2, fabricated with higher energy density
(0.05 J/mm), the accumulation of thermal stresses after applying repetitive laser energy
exceed the critical value for crack propagation and caused substrate failure.

Alternatively (or rather complementary), a lower energy density may cause a smaller
fraction of the powder to melt (providing the laser power component is enough to melt
the powder, as follows from the results of Step I). This means that the absolute volume
of melted Ni is bigger with higher laser energy density and it becomes even bigger with
the application of additional layers. Therefore, upon melting and cooling bigger particles
of Ni cause higher stresses on the YSZ substrate due to thermal expansion coefficient
mismatch between Ni and YSZ (13.3x10° and 8:10° K™, respectively). Higher stresses
associated with differences in thermal expansion coefficients can result in micro-cracks,

which eventually may exceed the critical length for crack propagation.

It thus becomes clear that there is a trade-off between sufficient laser power (that causes the

powder to partially or fully melt), on one hand, and an energy density limit (above which there are

significant thermal stresses affecting bulk integrity), on the other.

Microstructure characterisation of laser sintered electrodes in Step I1

Figure 5.8a and Figure 5.8b show SEM micrographs of the Ni patterned electrode surface

corresponding to samples 2.2 and 4.2, respectively. The samples were laser sintered in identical

conditions (laser power 120 W and laser speed 4000 mm/sec); the difference between the two is that

in sample 4.2 the substrate was pre-metallised with Ni by sputtering.
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Figure 5.8. The surface of the laser sintered patterned fuel electrodes with (a) non-metallised YSZ surface
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(Sample 2.2) and (b) pre-metallised YSZ surface (Sample 4.2).

In both electrodes (Figure 5.8a-b) the pattern of about 100 um wide sintered stripes can clearly
be seen, however the edge of the stripes and their surface is not homogeneous. In addition, in both
samples the pattern includes multiple separated Ni particles forming ‘balls’ of up to 50 um in
diameter. Balling is a well-known phenomenon associated with the DMLS process (2, 16, 18-20).
Balling occurs when the molten material does not wet the underlying substrate. In the system where
solid, liquid and gaseous phases come in contact, the equilibrium on the triple line will occur
according to the Young equation (Figure 5.9a), where o,,, g,, and o, are surface energies of solid,
liquid and gas phase, respectively, and 6 is a contact angle (21). When the total surface of the molten
pool becomes larger than that of a sphere with the same volume, the balling effect takes place
(Figure 5.9b). Thus, the laser parameters should be selected in such a way that the length to diameter

ratio of the molten pool is as small as possible (16).
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Figure 5.9. (a) Wetting of a liquid on a solid substrate and the Young equation with o,, o5 and o,, the
surface free energies of the solid-vapour, solid-liquid and liquid-vapour interfaces, respectively; (b)

transition from half cylinder to sphere depending on the dimensions of the molten laser pool (16).

161



Chapter V: Laser Sintering for SOC Electrode Fabrication

A process window for laser sintering iron-based powder was experimentally identified as shown
in Figure 5.10 (16). It suggests that ‘balling” phenomenon occurs at low laser speeds and high laser

powers.
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Figure 5.10. Process window for iron-based powder (16).
According to the SEM images it was hard to tell the differences between the single layer and the

multilayer structures, mainly due to the ‘balling’” phenomenon.

The micro-cracks were detected in all samples, independently of laser parameters or pre-
metallisation of YSZ surface. The possible reasons for micro-cracking have been discussed in the
results of Step I. The effect of pre-metallisation of the YSZ surface is discussed in detail in the results

of Step IIL

Conclusions of Step I1

The main conclusions of Step Il can be summarised as follows:

e It was discovered that using 0.05 J/mm and higher laser energy densities caused the YSZ
substrate to break, when attempting to laser sinter more than one layer. Two failure
mechanisms were suggested. First, the intensity of thermal stresses accumulation in each

run, which subsequently can lead to a critical crack length. Second, the increasing mismatch
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between YSZ and Ni due to Ni particle growth with every additional sintered layer leading
to cracking. These two mechanisms could both take place at the same time.

e A trade-off should be maintained between sufficient laser power (that causes the powder to
partially or fully melt) and laser energy density limit (above which significant thermal
stresses accumulation affects bulk integrity).

o The results suggest that the maximum laser energy of 0.03 J/mm, comprised of 120 W laser
power and 4000 mm/sec laser speed, seem to be acceptable parameters for cell fabrication, at
least as long as up to three laser sintered Ni layers are concerned.

e From microstructural examination it can be concluded that the patterned electrode is prone to
a balling phenomenon. Poor wettability can account for the balling phenomenon in this
particular system. In general the wettability can be improved by small additions of materials
that reduce surface energy (such as phosphorous). In our case the selection of materials
would be dictated by the application. Pre-metallisation of the YSZ surface with sputtered Ni
was suggested to improve wettability and adhesion between Ni and YSZ. The results will be
discussed further in Step II1.

e Further optimisation of the process parameters is required to decrease the balling
phenomenon. The optimisation of parameters would be limited by the trade-off between

laser power and energy density, as discussed above.

5.4.4. Step III - full cell preparation and electrochemical testing

Design of experiments in Step 111

In this stage a full fuel cell with patterned laser sintered anode was fabricated and tested to obtain
initial electrochemical results. For this purpose the LSCF-GDC counter (11 mm in diameter) and
reference (16 and 18 mm inner and outer diameters) electrodes were first screen printed on the YSZ
electrolyte as described in section 3.2.2. Then the patterned electrode (11 mm in diameter) was laser

sintered on the other side of the substrate, as illustrated in Figure 5.11.
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Figure 5.11. Diagram of the YSZ pellet with screen-printed LSCF-GDC air electrode on one side and patterned

laser sintered Ni electrode on the other side; dimensions are included.

The arrangement and the labelling of samples in the chamber during laser sintering in detailed in

Table 5.10.

Table 5.10. Matrix of samples and details of experiments in Step Il (full cell preparation).

Row Number of (Lateral) Energy Density [Wsec/mm=]/mm]
number layers (L) 0.02 0.03 0.04 0.05
R1 L=1 1.1 1.2 1.3 1.4
S1=6000mm/sec S$2=4000mm/sec, $3=3000mm/sec, S4=2400mm/sec,
P1=120W P2=120W P3=120W P2=120W
R2 L=2 2.1 2.2 (Tested) 2.3 2.4
R3 L=3 3.1 3.2 3.3 3.4
R4 L=2; 4.1 4.2 (Tested) 4.3 4.4
pre-metallised
substrate

The laser sintering conditions in Table 5.10, i.e. number of layers and laser properties (laser
speed (S/-S4) and laser power (PI-P4)), were chosen according to the results of the previous
experiments. The judgment of the results was based upon visual inspection only according to criteria
listed in Step 1. This was due to time limitations and lack of equipment availability, so laser sintering
in Step Il and Step III needed to be carried out on the same day. There were some overlaps in laser
parameters used in between the steps (Table 5.9 and Table 5.10) to explore repeatability. The laser

properties listed in the first row of Table 5.10 (R1) were kept the same for the samples of the same
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column. Additionally, the surface of the samples in R4 was sputtered with Ni to form a thin metal

layer as described in Step II.

The electrochemical performance of laser sintered electrodes was tested in Samples 2.2 (R2) and
4.2 (R4) as marked in Table 5.10. The impedance spectra (100 mHz — 100 kHz) and i-V curves were
measured in three electrode set-ups (as was explained in section 3.4.4) in a humidified 50% H,— 50%

N, atmosphere at 600 — 700 °C. Current collection was provided through silver paste.

Since the full cells were prepared on the same day as sub-samples in Step II, the micro-cracks
were detected post factum. As was discussed in the results of Step I, the damaged region of the sample
fabricated with 0.05 J/mm was about 20 — 30 um. It is therefore expected that the damaged region of
the fuel cells fabricated with lower energy density (0.03 J/mm) will be even smaller. Despite the
micro-cracks, it was decided to proceed with full cell electrochemical testing, as discussed in the

following section.

Electrochemical performance of laser sintered patterned electrodes

The OCP was close to its theoretical value during the cell tests at the considered temperatures.
This is a good indication that no macro-cracking of the electrolyte had occurred, which otherwise
would have led to a decrease in OCP due to gas crossover. The i-V curve of the laser sintered
patterned electrode (Sample 2.2 from Table 5.10), normalised to the unit length of the triple phase

boundary, is shown in Figure 5.12.

The total length of triple phase boundaries of the patterned electrode was estimated assuming
that the interface line between YSZ and Ni is perfectly straight and continuous. A schematic
representation of the patterned electrode is shown in Figure 5.11. The width of each stripe is 100 um
and the distance between two neighbouring stripes (i.e. hatch spacing) is 100 um, the diameter of the
entire electrode is 11 cm. Based on these dimensions, the total length of the TPB was calculated to be
0.96 m and the TPB length per unit area is therefore 1.01x10* m/m>. TPB density of the same order of

magnitude was previously reported in patterned electrodes (8.7x10* m/m?) (22). However, the actual
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TPB length in our electrodes is likely to be larger due to micro-scale roughness of the Ni/YSZ
interface. Ni micro-particles that are not interconnected with the main pattern will further increase the
total TBP length. However, it should be noted that these are likely not to be active, unless in direct

contact with the current collector.
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Figure 5.12. Current linear density (per unit length of TPB) vs overpotential of the cell with laser sintered

patterned electrode (Sample 2.2), as measured between the reference and the working electrodes (the
voltage drop includes the contributions from the infiltrated electrode and the uncompensated iR drop
between the RE and WE). The cell was tested in humidified 50% H, — 50% N, under OCP in a 600-700 °C
temperature range. Parameters for electrode fabrication are Energy Density = 0.03 J/mm (Laser Speed =

4000 mm/sec, Laser Power = 120 W).

In order to compare the performance of the patterned electrode and the conventional Ni/YSZ
porous electrode, the area specific resistance (ASR) of the latter should be converted to a linear
specific resistance (LSR), i.e. resistance per unit of TPB length. It is possible to estimate LSR [Qm]

using the TPB density (/7p5 [m/m’]) and the thickness of the porous electrode (d [m]) according to 5.5:

LrpgV LrppAd
LSR = ASR - “:f = ASR - T”Z = ASR  lppg - d 5.5

where A is the area of the electrode and V is the overpotential. Kishimoto ef al. have calculated the
overpotentials for Ni-YSZ porous electrodes in the range between 800 °C and 1000 °C (23). These
results are shown in Figure 5.13 and are used to benchmark the polarisation of the patterned
electrodes obtained in the present work. Values of /7pg and d for Ni-YSZ porous electrode obtained by

Kishimoto et al. are listed in Table 5.11. The ASR value is estimated from Figure 5.13 for the
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electrode exposed to humidified H, at 800 “C while the cell was biased, so that the current density is

150 mA/cm?>.

Table 5.11. Parameters for Ni-YSZ cermet electrode taken for calculation of LSR (23).

Parameter [units] Value
Lzpp [M/m’] 2.49-10"
d [m] 5.0-107

ASR [OM?] @ 800°CAV=0.1V  6.7-107

In the present study, the patterned electrodes were tested at 700 °C and therefore the results
cannot be directly compared to the results obtained for porous Ni/YSZ electrodes by Kishimoto et al.
However, Suzue et al. have shown that there is almost linear dependence of the overpotentials of
Ni/YSZ porous electrodes with working temperature at high current densities (24). The overpotential

at 1 A/em” was found to increase ca 1.5 times when the temperature was decreased from 800 °C to

700 °C (24).
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Figure 5.13. Ni-YSZ anode overpotentials in various temperatures at 3% humidified condition (23).
It is, therefore, reasonable to assume that the overpotentials obtained by Kishimoto et al. for
porous electrodes at 800 °C would translate into ca 1.5 larger overpotentials at 700 °C, such that the

overpotential at 150 mA/cm” would be ~0.15 V. Therefore the LSR of the Ni-YSZ porous electrode is:

0.15
LSR = ASR - lypg - d = 755+ 2.49-10'7 -5 107° = 1.25 X 10* Om 5.6
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The current per unit of TPB length in the patterned electrode is 2x 10° A/m when the
overpotential is 0.15 V as shown in Figure 5.12. Therefore, the LSR for the patterned electrode is
equal to 75 Qm. The difference in the LSR between the cermet and the patterned Ni-YSZ electrodes is

three orders of magnitude and that requires further analysis.

The discrepancy in the LSR values of the patterned and the porous electrodes is likely to be the
result of several factors. First, the active volume of the porous electrodes is limited to few microns
next to the electrolyte as discussed in literature review (section 2.7.1). In other words, even though a
porous electrode may have much longer TPB lines due to its thickness, only a fraction of the TPB
lines will participate in the electrochemical reaction. Assuming that only 20% of the electrode
thickness is active, the LSR of the porous cermet electrode is further reduced to 1.25 X 10* x 0.2 =
25 x 10?2 Om. Second, part of the TPB lines in active region of the porous electrode may become
inactive due to the restricted gas access and imperfect connectivity of the Ni network. Although
Kishimoto et al. (23) found that the connectivity of the phases was relatively good in their electrode —
the amount of the isolated (inactive) Ni phase was only ~8% — this value may vary in different
electrodes. Therefore, the length of the active TPB in a real porous cermet electrode is lower than the

total calculated TPB. This leads to a lower value of LSR per the unit of TBP length.

On the other hand, when the patterned electrode is considered, it should be taken into account
that the interface between Ni and YSZ will not be perfectly linear in a real electrode. The interface
roughness will result in a larger TPB length, as was previously mentioned. Consequently, the LSR of
the patterned electrode is likely to be underestimated in the calculations above, and the LSR of the
porous electrodes are likely to be overestimated, at least as far as the active TPB length is concerned.
By addressing all these issues it may be possible to eliminate the discrepancy in LSR between the

patterned and porous electrodes.

Figure 5.14 shows the impedance spectra of the patterned electrodes measured in three electrode
configurations, i.e. between working (WE) and reference electrodes (RE). The results in Figure 5.14a
correspond to the Ni electrode that was laser-sintered directly on YSZ surface. The spectra in

Figure 5.14b are for the Ni patterned electrode that was sintered on a pre-metallised YSZ surface, i.e.
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a thin Ni layer (ca 50 nm) was sputtered on the entire surface of the substrate before laser-sintering
the electrode. In both cases the impedance spectra were normalised to the unit length of TPB as was
discussed in the previous paragraphs. The value of the series resistance was normalised to zero to
compensate for the variable uncompensated iR drop between the RE and WE under different

conditions and to enable a clear comparison between the samples.
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Figure 5.14. Galvanostatic impedance spectra (100 mHz-100 kHz) of the laser sintered patterned electrodes
normalised for length of TPB on (a) YSZ substrate (Sample 2.2) and on (b) YSZ substrate pre-metallised with
Ni (Sample 4.2), tested in humidified 50% H, — 50% N, under OCP over a 600-700 °C temperature range, as
measured between reference and working electrodes. Conditions for both electrodes fabrication are Energy

Density = 0.03 J/mm (Laser Speed = 4000 mm/sec, Laser Power = 120 W).

The electrodes which were used to obtain spectra in Figure 5.14 were laser-sintered using the
following parameters: 4000 mm/sec laser speed and 120 W of laser power. At all temperatures, the
polarisation of the electrode sintered on the pre-metallised YSZ surface was two times lower than the
polarisation of the electrode sintered without pre-metallisation of the YSZ surface. Since both
electrodes were prepared with the same laser parameters, the difference in the electrodes polarisation
may originate from a different TPB length. SEM-EDX analysis have been performed in order to gain
better understanding of the morphological differences between the electrodes sintered on the pre-
metallised and bare YSZ surfaces. Figure 5.15 compares SEM micrographs and EDX maps of Ni
distribution on the pre-metallised YSZ surface (Figure 5.15a-d) and the surface without pre-

metallisation (Figure 5.15e-f).
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Figure 5.15a-b shows that Ni (green) on the pre-metallised YSZ surface is well interconnected
and forms a relatively well defined pattern. However, the interface between Ni and YSZ is very rough

(Figure 5.15¢-d), which confirms our previous hypothesis pertaining to the TPB length calculation.
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Figure 5.15. (a) — (d) Laser sintered Ni pattern on pre-metallised YSZ surface, (a) and (c) SEM image; (b) and
(d) SEM-EDX map of Ni distribution (green); (e) — (f) Laser sintered Ni pattern on non-metallised YSZ surface,
(e) SEM image, (f) SEM-EDX map of Ni distribution (green).

In contrast, the pattern created on the non-metallised YSZ surface is not well defined and the Ni

is not interconnected, forming ‘islands’ on the YSZ surface, which are likely to be electrochemically
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inactive (Figure 5.15e-f). Therefore, the active TPB length is likely to be shorter than that calculated,

causing the difference in polarisation values (Figure 5.14).

The SEM-EDX analysis suggests that the Ni patterns sintered on the pre-metallised YSZ surface
are better defined and more continuous than those laser sintered on the non-metallised YSZ. This may
imply that the bonding between the sputtered Ni the Ni particles within the powder used for laser
sintering facilitates a better Ni adjacent (adhesion) to the substrate. To verify this further study is
required. Still, the TPB lines in Figure 5.15b appear to have very irregular shape, compared to a shape
of patterned Ni electrodes on YSZ obtained elsewhere (22, 25-27), so that it is difficult to assume
them as lines. This further supports the assumption that LSR of the patterned electrode calculated

above is likely to be underestimated.

Detached Ni particles were also found in the surface that was not affected by laser heat
(Figure 5.15d,f). This can be as a result of vaporization (28). During laser sintering the temperature of
the exposed powder particles exceeds the melting point (1453 °C for Ni) under high power densities.
A further increase of the temperature can cause the material to evaporate. The rapidly moving
evaporated powder particles expand and generate a recoil pressure on the molten pool. Under high
pressures material expulsion occurs, which may lead to the anchoring of detached particles at some

distance from the molten pool (16).

Conclusions of step III

The main conclusions from Step III can be summarised as follows.

e The full cells with patterned Ni fuel electrode (laser sintered with 120 W laser power and
4000 mm/sec laser speed), YSZ electrolyte and LSCF-GDC air electrode were
successfully fabricated and tested in H,-N, environment and 600-700 °C temperature
range. The results of electrochemical performance and SEM-EDX mapping of Ni
distribution of two cells, with pre-metallised and non-metallised YSZ surface, were

compared.
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e Discrepancies in the LSR values between patterned and porous electrodes can be related
to the difficulty in estimating accurately an effective TPB length in a patterned electrode,
as well as determining the amount of active TPBs in a porous electrode.

e SEM-EDX mapping results suggest that pre-metallisation of the YSZ substrate favours
the formation of more defined and continuous Ni pattern and facilitates better adhesion.
This can be attributed to the bonding between Ni layer sputtered on the YSZ and Ni
within the powder layer during laser sintering. This requires further investigation.

e The fact that micro-cracks were introduced to the substrate surface during the laser

sintering questions the cell suitability for a long-term use. This requires further research.

5.5 Overall conclusions

To link conclusions to the objectives, the study was summarised in Table 5.12.

Table 5.12. Conclusions from the study linked to the objectives.

Objective N1: To examine the feasibility of using DMLS for fuel cell preparation in the Ni-YSZ
(powder) / YSZ (substrate) system.

e Full cells with a patterned Ni fuel electrode (laser sintered with 120 W laser power and
4000 mm/sec laser speed), YSZ electrolyte and LSCF-GDC air electrode were successfully
fabricated and tested in a H,-N, environment and over a 600-700 °C temperature range.

e The fact that micro-cracks were introduced to the substrate surface during the laser sintering

questions the cell suitability for a long-term use. This requires further research.

Objective N2: To explore the relationship between process parameters, microstructure and

electrochemical performance of the cell.

e Although Ni and YSZ form unique structures during laser sintering, they were not mixed
together to obtain a cermet network. This may be due to de-wetting and differences in optical
properties influencing interaction with the laser beam.

e Micro-cracks were observed on all substrates; however the damage caused to the substrate
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decreased with decreasing laser energy density. YSZ is expected to withstand cracks less than
18 pm in length.

e [t is likely that cracking in YSZ occurs due to thermal shock and mismatch between thermal
expansion coefficients of YSZ and Ni.

o The patterned electrode is prone to a balling phenomenon. Poor wettability may account for
the balling phenomenon in this particular system. Pre-metallisation of the YSZ surface with
sputtered Ni was suggested to improve wettability and adhesion between Ni and YSZ.

e SEM-EDX mapping suggests that pre-metallisation of the YSZ substrate favours the
formation of more defined and continuous Ni pattern and facilitates better adhesion between
Ni and YSZ. This can be attributed to the bonding between Ni layer sputtered on the YSZ and
Ni within the powder layer during laser sintering. The mechanism requires further
investigation.

e Discrepancies in the LSR values between patterned and porous electrodes can be related to the
difficulty in estimating accurately an effective TPB length in patterned electrodes as well as

the amount of active TPBs in porous electrodes.

Objective N3: To identify effective processing parameters for electrode fabrication using
DMLS.

o The YSZ substrate could withstand a laser energy density of 0.05 J/mm or less. Under the
same energy density, the samples were conductive only when the power was 120 W or higher.
This is likely due to sufficient heat generated to (fully or partially) melt the powder to create a
continuous metallic pattern.

e It was discovered that 0.05 J/mm laser energy density caused the YSZ substrate to break,
when attempting to laser sinter more than one layer. Two mechanisms were suggested. First,
the intensity of thermal stresses accumulating in each run can subsequently lead to a critical
crack length. And second, the increasing mismatch between YSZ and Ni due to Ni particle
growth with every additional sintered layer may lead to the formation of a critical crack

length and its propagation through the substrate. Both mechanisms could occur.
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e A careful balance should be maintained between sufficiently high laser power to melt Ni
particles (i.e. > 120 W) and sufficiently low laser energy density to prevent the accumulation
of thermal stresses in YSZ (i.e. < 0.05 J/mm). As a consequence of this trade-off, only a
narrow laser parameter window was found to be effective for the studied system (Ni powder -
YSZ substrate).

e The results suggest that the maximum laser energy of 0.03 J/mm, combined with 120 W laser
power and 4000 mm/sec laser speed, seem to be acceptable parameters for full cell
fabrication, at least as long as up to three laser sintered Ni layers are concerned.

o Further optimisation of the laser parameters window is required to decrease the balling and

evaporation phenomena.

10.
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CHAPTER Vi

GENERAL CONCLUSIONS AND OUTLOOK

6.1 General conclusions and significance of this study

In order to create high performance ‘electrodes by design’ the relationship between the
fabrication routes and the performance of the electrode needs to be established. This research explored
the novel fabrication techniques for Ni-based SOC electrodes. It was demonstrated that this approach

provides greater control over the electrode performance through adjustment of the process parameters.

Infiltrated electrodes

Fuel electrodes were fabricated by infiltration of Ni nano-particles into GDC porous scaffolds in
the first part of present study. It was experimentally demonstrated in this work that the pore size and
the amount of catalytic/metal phase in infiltrated electrodes can be independently controlled. The
direct consequence of this is greater control of the electrode design and therefore a potential for the
performance optimisation. Previous studies of infiltrated electrodes only report the results for the
systems with relatively small amounts of infiltrated material that is not percolated (1). Here, it is
demonstrated that the infiltration of GDC scaffold with 25 wt% of Ni leads to electrical conductivity
similar to conventional cermet electrodes with Ni content of 35 wt%. This study also provides insights
into the effect of different microstructural factors (e.g. porosity, pore size, Ni content) and operation
parameters (temperature, gas concentration, duration) on the performance of infiltrated electrodes, as

discussed below.
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The effect of porosity on the electrode performance has been demonstrated by infiltrating two
GDC scaffolds — one with only micro-porosity and the other with combined macro- and micro-
porosity — with Ni-nanoparticles. It was found that the sample with macro pores exhibited lower
diffusion resistance. The study explores the microstructure development during multiple Ni
infiltrations of GDC scaffolds using 2-D and 3-D imaging. The experimental results of this research
provided data for 3-D image reconstruction quantitative analysis (2) and modelling of infiltration
electrodes performance (3-6). For the first time the 3-D image reconstruction quantitative analysis
was applied to characterise the microstructure of infiltrated electrodes. The 3D image reconstruction
was carried out by Dr. Masashi Kishimoto. The effect of Ni content of the performance of the
electrode was studied by testing several electrodes after different number of infiltrations. FIB-SEM
analysis of these samples demonstrated that even a single infiltration results in a 5 times larger TPB

density compared to the conventional electrodes.

The electrochemical performance of the infiltrated electrodes, as well as short-term degradation
in different concentrations of H, was reported for the temperature range of 550-750 °C. At 750 °C
under the flow of 50% H,-50% N, the ASR of the infiltrated electrode was found to be 0.14 Q-cm?,
which is comparable to state-of-the-art Ni-YSZ anodes. It should, however, be noted that careful
optimisation of all parameters has the potential to significantly improve the performance of Ni
infiltrated GDC electrodes. The results of short-term degradation studies suggest that the degradation
in Ni infiltrated GDC electrodes is driven primarily by agglomeration of Ni particles and subsequent
loss of TPBs. The loss of TPBs can be compensated by the mixed-conducting nature of the GDC
scaffold to a certain extent. However, the Ni coarsening may become a significant contributor to the
electrode degradation when a long-term performance is considered. It is emphasized in the study that
the combination of Ni and GDC has synergetic effects, not only in terms of catalytic properties, but

also in terms of the electrodes electronic conductivity.

Finally, infiltrated electrodes were shown to be suitable for the study of carbon deposition
mechanisms by Raman spectroscopy. This research was performed by Vlad Duboviks and reported

elsewhere (7). In brief, the electrodes were found resistant to carbon deposition under the mixture of

177



Chapter VI: General Conclusions and Outlook

CO; and CO at OCP, however adding significant amount of CH, facilitated carbon deposition in the
bulk of the electrode. Cu-infiltrated GDC electrodes were found resistant to carbon formation in both
CO,-CO and CO,-CH,4 gas mixtures. While copper is known to be resistant towards carbon formation,
its relatively low melting temperature inhibiting high temperature sintering was preventing its
application in SOC electrodes. Since the metal infiltration technique avoids high sintering
temperatures, Cu-GDC electrodes can potentially be used for upgrading biogas via CO, electrolysis
without causing deleterious carbon deposits. The results of these studies are beyond the scope of this

thesis, though mentioned here to emphasize the impact of the present study.

Laser-sintered electrodes

Results of the feasibility study of using a direct metal laser sintering (DMLS) technique for
electrode fabrication were reported in Chapter V. The heat generated by plasma from laser-powder
interactions was used to sinter Ni patterns on the YSZ substrate. The findings of the parametric study
described in Chapter V helped to identify the window of parameters suitable for Ni patterned
electrodes fabrication by establishing a relationship between laser parameters and the resulting

electrode microstructure.

Patterned Ni fuel electrode was successfully laser sintered on YSZ electrolyte using 120 W laser
power and 4000 mm/sec laser speed. LSCF-CGO air electrode was screen printed on the other side of
the electrolyte to form the full cell. The cell was successfully tested in a H,-N, environment over a
600-700 °C temperature range. However, the fact that micro-cracks were introduced into the substrate
surface during the laser sintering questions the cell suitability for a long-term use. It was found that
there is a poor adhesion between Ni particles and YSZ substrate, probably due to poor wettability
between the materials. Pre-metallisation of the surface with sputtered Ni was suggested to improve the

bonding.

It was shown that a careful balance should be maintained between sufficiently high laser power
to melt Ni particles (i.e. > 120 W) and sufficiently low laser energy density to prevent the
accumulation of thermal stresses in YSZ (i.e. < 0.05 J/mm). As a consequence of this trade-off, only a

narrow laser parameter window was found to be effective for the studied system (Ni powder - YSZ
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substrate). Further optimisation of the laser parameters window is required to decrease the Ni balling
and evaporation phenomena. The main challenges associated with laser sintering in the Ni-YSZ
system are a mismatch in thermal expansion coefficients between Ni and YSZ, poor wettability
between them, as well as the build-up of thermal stresses in YSZ substrate. In a real fuel cell, this may

lead to YSZ electrolyte fractures during operation and therefore the failure of the cell.

6.2 Outlook

While considerable progress has been achieved in this research, several challenges associated
with ‘electrode by design’ approach and, specifically, with infiltrated or laser sintered electrodes still
remain to be solved. Future research should be built upon the results obtained in the present study.

The following key directions are identified for future investigation.

Infiltrated electrodes

1. Standardisation of experimental procedure. The infiltration method of electrode
preparation includes many variables, including concentration of the solution, solvent, temperature and
duration of the decomposition, amount of infiltrating solution used in one infiltration repetition, etc.
Therefore, the resultant microstructure will be sensitive to these parameters. To avoid variations
associated with fabrication method, and to enable comparison between different studies, it is desirable

to devise a standard procedure to be used for the infiltration method.

2. Agglomeration of nickel nano-particles in infiltrated electrodes. One of the main concerns
raised in the present study was Ni agglomeration and coarsening. These may lead to a loss of TPBs
and open porosity blockage that in turn may result in decreased electronic conductivity of the
electrode and increased mass diffusion polarisation. Therefore, a strategy to restrict Ni particle
agglomeration is required. The research can be focused on co-infiltration of oxides particles that were
proven to pin Ni particles and to restrain coarsening (8). In addition, it was discussed that the mobility
of Ni particles may be a consequence of low wettability between the ceramic scaffold and the metallic

phase. Hence, finding a way to improve wettability may decrease unwanted agglomeration.
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3. Decreasing fabrication time. Infiltration is a time consuming process. Fabrication time
becomes an important factor when scalability is concerned. It is desirable, therefore, to look for
fabrication techniques that will be faster, and at the same time will enable the microstructural benefits
to be attained. For instance, promising alternatives to infiltration are electroless/electrolytic deposition
and microwave assisted infiltration for SOC electrode fabrication. These techniques are under

extensive research in the Imperial College group.

4. Understanding processes affecting electrode performance. It is essential to enhance
fundamental understanding of the processes that account for electrode resistance. Specifically, there is
a difficulty to quantitatively assign impedance arcs seen with GDC scaffolds to specific process(es)

with high certainty, especially in the low frequency range.

5. Developing a suitable porosity in the scaffold. As was discussed in Chapter IV the scaffold
plays a crucial role in microstructure optimisation. Specifically, the finding suggests that (a) there is a
certain amount of porosity and pore size that should be maintained in infiltrated electrodes, and (b)
there is a certain level of infiltration that may be tolerated by a scaffold with certain porosity to
achieve an optimum performance. Therefore, the optimal ratio between the porosity fraction, pore size

and the infiltrated phase fraction can be further modelled and verified experimentally.

6. Testing infiltrated electrodes with other fuels. The presented study concentrated on the
electrode performance in H, environments. However, it would be useful to study the performance of

Ni infiltrated GDC electrodes with other fuels, for example hydrocarbons (natural gas, biofuels, etc).

7. Testing infiltrated electrodes in electrolysis mode. In the present study the cell was operated
in electrolysis mode with 3% H,O. It would be useful to study the performance of Ni infiltrated GDC
electrodes for (co-)electrolysis of CO, and/or H,O to form syngas (H, and CO) and/or H,. It could be
of particular interest to test infiltrated electrodes in electrolysis mode with CH, and CO, as a potential

route for biogas upgrade (9).
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8. Long term degradation study. In this study, short term degradation tests in H, environment

were carried out. It would be valuable to assess the performance of infiltrated electrodes over the

long-term.

Laser sintered electrodes

In general, the use of laser sintering technique seems to be challenging for direct laser sintering

of Ni or Ni-YSZ powders on YSZ substrates. Based on the conclusions drawn from this study, the

following routes / recommendation for future SOC electrode preparation by laser sintering can be

identified.

1.

Optimisation of parameters. Further optimisation of laser parameters required for laser
sintering process to fabricate Ni-YSZ electrodes is required. Other materials used for SOCs,
such as mix-conducting ceramics, can be considered.

Materials selection. It seems that the majority of problems were caused due to the
incompatibility between YSZ and Ni in terms of wettability, thermal expansion coefficients
and differences in the interaction with the laser. Therefore, to improve the process, Ni
electrodes could be laser sintered independently with a desirable structure and then the
electrolyte could be tape cast / screen printed onto the Ni.

Cermet materials. The possibility of laser sintering porous cermet materials requires further
investigation.

Creating an electrode with graded porosity. Electrodes with hierarchical porous structure
can be an attractive option for efficient cell performance. In graded electrodes the amount of
active sites can be maximized by lowering the pore size in the vicinity of the electrolyte. On
the other hand the mass diffusion polarization can be minimized by creating bigger pore size

close to the electrode surface.

Finally, the two techniques, infiltration and laser sintering, can be combined together. Since the

additive manufacturing is generally very promising to fabricate well-defined microstructures, it can be
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used to prepare a porous scaffold. The metal phase can subsequently be introduced to the scaffold by

infiltration, or any other alternative technique. The combination of the two techniques can potentially

enable ‘electrodes by design’ in order to create high performance SOC electrodes.
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