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‘Man's dearest possession is life.
It is given to him but once, and he must live it so as to feel no torturing regrets for wasted
years, never know the burning shame of a mean and petty past; so live that, dying, he might

say: all my life, all my strength were given to the finest cause in all the world.’

-- How the Steel Was Tempered

Nikolai Ostrovsky



ABSTRACT

Fuel Cells comprise a broad range of technologies that offer more efficient ways of converting
fuel into electricity. The solid oxide fuel cell (SOFC) is a promising energy conversion device,
which offers a high operating efficiency alternative to combustion technology for electricity
production. Nickel-Yttria-stabilized zirconia (Ni-YSZ) cermets are a commonly used anode

material with relatively low cost and good performance.

In order to understand the interaction between microstructural, mechanical properties and
electrochemical changes of Ni-YSZ electrodes after redox cycling, the impact of redox cycling on
electrode degradation has been studied, including: conventional NI-YSZ, Ni infiltrated YSZ
scaffolds, and Ni infiltrated YSZ fibre scaffolds in Chapters 4, 5 and 6. It has been found that, due
to the nickel volume change during redox cycling, the YSZ framework breaks down in
conventional Ni-YSZ electrodes, inhibiting ionic transport and leading to significant
electrochemical degradation; in order to enhance the YSZ framework stability, the sintering
temperature impact on YSZ scaffold has been studied based on balancing the mechanical
properties and porosity. Then the selected YSZ scaffold was infiltrated with nickel to test its
redox cycling stability. It was found that the YSZ scaffold kept a stable structure, while the
infiltrated nickel migrated out to the electrode top surface, leading to a significant nickel
content loss within the electrode. This indicates that the nickel dewetting behavior plays an
important role during anode degradation. A multi-porosity layered electrode, comprising a
top fiber layer and scaffold base layer, was introduced to eliminate the triple phase boundary
loss when the nickel moved to the electrode top surface. In this structure, the scaffold layer

contributes to a high electrochemical performance at a lower temperature compared to



conventional analogues. The fiber layer improved electrochemical stability due to its highly

porous and larger pore size compared to the YSZ scaffold layer.

In Chapter 7, Ni dewetting behavior was also studied utilizing a new methodology developed
in this work, based on 2D Ni films on YSZ electrolytes. By in-situ observation, it was found that
both electrochemical impedance spectroscopy measurement (EIS), electrode simulation, and
experimental Environmental-SEM (E-SEM) images consistently identified a maximum in active
triple phase boundary (aTPB) length before the start of Ni de-percolation. Results reveal that
neither evaporation-condensation nor surface diffusion of Ni are the main mechanisms of
dewetting over the temperature range 560-800 °C. Rather, the energy barrier for pore
nucleation within the dense Ni film appears to be the most important factor. The proposed
methodology allows the prediction of Ni dewetting behavior and its impact on the
electrochemical degradation of SOFC anodes under a variety of conditions, unparalleled to

current methods.
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Figure 7-8 the image segmentation and wire based model used for aTPB statistics. The green
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CHAPTER1 INTRODUCTION

This Chapter introduces the background and the motivation of the project, including: global
environmental issues and the energy challenge, fuel cell (FC) technology and its applications,

the actual issues this study will address, and the objectives of the research work.

1.1 GLOBAL BACKGROUND

The dichotomy between energy usage and development is an endless topic in human history.
With the knowledge to use fire and ability to burn biomass (wood, animal dung, charcoal),
humans had an important source of heat that accelerated civilization. In the late 1880s, the
Industrial Revolution exploded energy consumption and changed human development in
almost every way. The ability of mass production was based on a growing energy consumption
ratel. In recent decades, as shown in Figure 1-1 World primary energy supply by sourcel.,
global primary energy demand increased rapidly with its associated impact on/from economic
and population growth. Consequently, with increasing concerns over air pollution and fossil
fuel supply and distribution, a global trend towards developing ‘green’ energy has been

clearly felt for the past two decades?.

It has been recognized that the development and implementation of alternative energy
technologies plays a key role in reaching the targets of decarbonising power generation3.
Driven by this incentive, most of the research efforts have been used to improve the efficiency
of current and renewable energy devices. Compared with other energy conversion
technologies, fuel cells stand out by offering very high-efficiency electrical power generation

and the ability to use a variety of fuels with low levels of associated emissions?*.
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Figure 1-1 World primary energy supply by source?.

1.2 FUEL CELL TECHNOLOGY AND APPLICATION

A fuel cell uses the chemical energy of hydrogen or another fuel to cleanly and efficiently
produce electricity. If hydrogen is the fuel, electricity, water, and heat are the only products.
Fuel cells are unique in terms of the scale of their potential applications; they can provide

power for systems as large as a utility power station and as small as a laptop computer3.

Fuel cell technology has been developing since the early 20 centry. In the late 1930s, Baur and
Preis experimented with solid oxide electrolytes using materials such as zirconium, yttrium,
cerium, lanthanum and tungsten oxide, at 1000 °C°. In the 1940s, in order to increase the
electrolyte conductivity and mechanical strength, monazite sand was added to sodium
carbonate, tungsten trioxide, and soda glass by Russian scientist Davtyan®. By the late 1950s,
research on solid oxide fuel cell technology began to accelerate in the Netherlands, USA and
some other developed countries. In 1962, researchers at Westinghouse experimented with a

cell using zirconium oxide and calcium oxide’=, which layed down the foundations for fuel
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cell material development. Today, the main electrolyte types used in fuel cells are alkali,
molten carbonate, phosphoric acid, proton exchange membrane, and solid oxide ceramics, as

shown in the summary table presented in Table 1-1.

Table 1-1 Comparison between different fuel cells and their most common attributes!%12,

PEMEFC AFC PAFC MCFC SOFC
Electrolyte Polymer 35-85% 100% Molten Solid and
(Fluorinated | concentrated | concentrated | alkali dense
sulfonic acid | KOH in a phosphoric carbonates | ceramic
polymer) matrix of acid in a solid
asbestos LIAIO,
matrix
Operating 40-80 °C 50-220 °C 150-220 °C 600-700 °C | 600-1000 °C
temperature
Catalyst Pt -Pt Pt Ni / NiO Ni /
-Ni Perovskite
-Ag
lon carried H* OH Ht (CO3)* 0%~
through the
electrolyte
Maximum 60% 60% 55% 65% 65%
Efficiency
(LHV)
Start-up time Minutes Minutes Minutes Hours Hours
Advantages | -High power | A wide range | Less CO No -High
density of catalysts sensitive expensive | efficiency
—Minimal than PEMFC | catalysts —Fuel-flexible,
corrosion and AFC including CO
problems
Problems -Water If air is used | -Corrosive -Corrosive | Corrosion
balance CO2 must be | electrolyte and mobile
-Sensitive to | removed -CO sensitive | electrolyte
COandS -CO sensitive

More recently, climbing energy prices and advances in materials technology have

reinvigorated work on fuel cells, and a recent report noted more than 100 companies working
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on all kinds of fuel cells'®. The global market for solid oxide fuel cells (SOFC) totalled $303
million and $622 million in 2008 and 2012, respectively. The market is expected to reach
nearly$1.2 billion by 2020 from $662 million in 2015, increasing at a compound annual growth

rate (CAGR) of 12.3% from 2015 to 2020%.

1.3 SoLib OxIDE FUEL CELLS

Solid oxide fuel cells (SOFCs), as one type of the most promising fuel cell variants, convert a
diverse range of fuels to electricity with high efficiencies. High operating temperatures (600 °C
-1000 °C) are required for oxygen anion diffusion from cathodes to anodes. State-of-the-art
SOFCs commonly use dense yttria-stabilized zirconia (YSZ) as the oxygen anion conducting
electrolyte and Ni-cermets as the anode. A variety of materials are used as the cathode,
including doped manganite'®4, cobaltites®!> and ferrites'!. Ni is usually chosen as the
metallic component of the anode because of its high electronic conductivity and stability
under reducing conditions. It also serves as an excellent hydrocarbons reforming catalyst and
electrocatalyst for electrochemical oxidation of H;. The performance of SOFC anodes is linked
with the length of the triple phase boundary (TPB), where the electrochemical reactions occur.

This region is dependent upon the optimization of anode microstructure and composition.

1.4 RESEARCH Focus

Redox instability refers to the chemo-mechanical instability of the solid oxide fuel cell anode

during reduction and oxidation conditions. This issue was first reported in 1996 by Cassidy et
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al. for Ni-YSZ anode supported cells®®. It has been found that continuous conditions change
upon reduction and reoxidation (‘Redox cycle’) of the anode support electrode was measured
as well as the loss of the open circuit voltage (OCV) due to cracking of the thin electrolyte,
which could also lead to gas leakage between anode and cathode. The existing redox cycling

study of Ni-YSZ anode material will be introduced in detail in Chapter 2.3.2.

Due to the impact of redox cycling on Ni-YSZ anode supported cells, combining the influence
of anode microstructure change and electrolyte cracking, it is essential to study the redox
cycling impact on each term. This work is going to focus on the impact of redox cycling on
electrolyte supported Ni-YSZ electrodes, specifically on anode microstructure and
electrochemical degradation. During the development of this work, many other ideas arose
around the redox cycling, and can be seen in the layout of the thesis, from a redox study of
the conventional anode, to the study of scaffolds as well as to the development of a technique
that can study degradation of electrodes in a variety of conditions. As the work progressed,
more questions arose and these can be represented in the corresponding chapters and

research objective outlined below.
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1.5 RESEARCH OBIECTIVES

Q

to study the impact of redox cycling on conventional Ni-YSZ anodes, combining its
electrochemical performance, mechanical properties degradation and microstructural

changes;

to study the impact of sinter temperatures on YSZ scaffold fabrication;

to study the impact of redox cycling on Ni infiltrated YSZ scaffold anodes, including its

electrochemical performance and mechanical properties degradation;

to analyses and quantify the 3D microstructure of Ni-YSZ anodes;

to study the nickel dewetting behaviour of the 2D Ni-YSZ flat anodes and simulate

anode degradation in controlled atmospheres.

to study the impact of redox cycling and isothermal ageing of a Ni infiltrated YSZ fibre
scaffold electrode, including its electrochemical performance, mechanical properties

degradation and microstructural changes.
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1.6 THESIS OUTLINE

This thesis is organised into 8 chapters as follows:

Chapter 1 presents an introduction to the thesis including the background and motivation for

the research, fuel cell technology in general as well as the research objectives.

Chapter 2 presents an overview of literature related to solid oxide fuel cells (SOFCs), including
their principles, components and materials. Another large part of this chapter is focused on
SOFC anode materials, especially nickel yttria-stabilized zirconia (Ni-YSZ). The main discussion
includes fabrication methods, microstructures, mechanical properties and electrochemical

performance. The current gaps in knowledge are identified.

Chapter 3 outlines the experimental methodology used in this study. The techniques involved
in electrode manufacturing, electrochemical testing, electrode microstructure and

mechanical properties characterization are introduced.

Chapter 4 presents the redox cycling impact on conventional Ni-YSZ electrodes.
Characterization includes electrochemical performance degradation, microstructure and
mechanical properties evolution. The relationship between these three parameters upon

redox cycling is discussed.

Chapter 5 is based on the conclusions from previous chapters, and a mechanically robust YSZ
structure is introduced. This YSZ scaffold structure is sintered at different temperatures in
order to find a compromise between mechanical stability and porosity. The YSZ scaffold was

then infiltrated with Ni and characterized after redox cycling.
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Chapter 6 presents YSZ structure tailoring with a YSZ fibre membrane produced by
electrospinning. A sandwich like Ni infiltrated YSZ fibre scaffold is examined under isothermal
and redox cycling condition. The improvement in the electromechanical performance stability

is discussed.

Chapter 7 focuses on solid-state dewetting behaviour of a Ni thin film on a flat YSZ substrate.
The relationship between pore formation and electrochemical performance are discussed.
Two conceptual models are developed to calculate the active TPB based on 2D images and
used to compare with aTPB from electrochemical polarization resistance. A dewetting
simulation is presented and matches the TPB observation from both Ni thin film images and

electrochemical impedance.

Chapter 8 presents the conclusions of this study and the future outlook.
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CHAPTER 2 LITERATURE REVIEW

2.1 OPERATING PRINCIPLES OF SOFCs

The SOFC is expected to be one of the potential solutions for a high efficiency, flexible and
low carbon emission energy supply system. Compared to other conventional power supply
systems, SOFCs have a significant advantage in energy efficiency. The SOFC generates
electricity directly from the fuel oxidation process, enabling an electrical efficiency of > 50%
by using natural gas or hydrogen. With high operating temperatures, in the range 600-800 °C,
SOFCs can be combined with heat recovery technologies such as heat exchangers to create a
total system efficiency of up to 85%"7. In addition, SOFCs have no moving parts or corrosive
liquid electrolytes. They are expected to lead to electricity generation systems with less noise,

high reliability and low maintenance.

In an SOFC, a single cell is composed of an electrolyte, and two electrodes (anode and
cathode). The electrolyte must be dense with good ionic conductivity and low electronic
conductivity. The electrodes are porous, they exhibit electronic conductivity and preferably
also ionic conductivity at the operating temperature. A schematic of an SOFC is provided in
Figure 2-1. The anode and cathode materials in an SOFC are different. The anode material
must be able to tolerate a highly reducing high-temperature environment, while the cathode
must be able to withstand a highly oxidizing high-temperature environment. The most
common material for the anode in the SOFC is a Ni-YSZ cermet. Nickel provides conductivity

and catalytic activity. The YSZ adds ion conductivity, thermal expansion compatibility, and
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mechanical stability and maintains the high porosity and surface area of the anode structure.
Water is produced at the anode, rather than at the cathode, as in a polymer electrolyte
membrane (PEM) fuel cells (PEMFC). The cathode electrode is usually a mixed ion-conducting
and electronically conducting ceramic material. Typical cathode materials include LSM
(strontium-doped lanthanum manganite), LSF (lanthanum- strontium ferrite), LSC
(lanthanum- strontium cobaltite) and LSCF (lanthanum- strontium cobaltite ferrite). These
materials show good oxidation resistance and high catalytic activity in the cathode
environment.

Electric Current
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Fuel In  |& } Air In
= t e <=
S o ‘ —
t 02 e
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0% | |02
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Fuel and Gases
Water H20 Out
= |~
/ \
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Electrolyte

Figure 2-1 Schematic of H,-O; SOFC. The ceramic electrolyte is solid state. A nickel-YSZ
cermet anode and a mixed conducting ceramic cathode provide the required thermal,
mechanical, and catalytic properties at high SOFC operating temperature. Water is

produced at the anode?®.
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In oxide—ion conducting SOFCs, O% ions are transported from the cathode to the anode
through the electrolyte and then react with H* ions at the anode and forming water. The
SOFCs generate electricity by the flow of electrons from the anode to the cathode through
the external circuit. The reactions continue as long as fuel is fed to the cells and the load is

applied to the external circuits. The relevant reactions in an SOFC are as following:

Anode: H;+ 0% > H,0 + 2¢ (1)
Cathode: Oz + 4 > 2 0% (2)
Overall: H;+1/2 0; - H,0, CH4+20;-> 2H,0 + CO> (3)

By using Y-doped BaZrOs (BZY) electrolyte, the ion transport can be reversed®. In proton—
conducting SOFCs, H* ions are transported from the anode to the cathode through the

electrolyte, forming water at the cathode.

2.2 FUNDAMENTALS OF SOFCs

The selection of materials for use in SOFCs is a challenging process. Each component of the
SOFC has to meet certain requirements, such as high catalytic activity, high conductivity, good
temperature stability, and structural rigidity?%?*. Since the SOFC is operating at a relatively
high temperature, ceramic materials with similar thermal expansion coefficient are used for
both the electrodes and the electrolyte. Ceramics are selected based on functionality,

compatibility, and cost.
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In recent years, there are several papers on the development of SOFC anode materials®’. Tao
and Irvine?? reviewed the development of alternative SOFC anodes with fluorite, rutile,
tungsten bronze, pyrochlore, perovskite and spinel structures. Liu? introduced a fuel-flexible
anode composed of a lanthanum chromite perovskite, CGO, and a small amount of Ni metal

in what could be viewed as a composite anode.

2.2.1 Anode

The function of an SOFC anode is to electrochemically oxidize the fuel gas, with oxygen ions,
conducted through the electrolyte from the cathode, and form water molecule formed during
oxidation, water vapour is produced as the only by-product in the anode chamber when

hydrogen is the fuel.

2H, + 20%~ - 2H,0 + 4e~

Recently, as the fuel requirements tend to focus on hydrocarbon fuels with lower steam ratios,
the anode requirement has changed. Progressively, discussions regarding anode materials are
requiring the direct oxidation of hydrocarbon fuels at the anode, for which the traditional
nickel-based cermets are unsuitable due to carbon deposition, as discussed by Mogensen?*.
Some other types of approaches are being adopted by developers, for example Kim?

developed Cu-Ni alloys as anodes for the direct oxidation of methane in SOFC at 900 °C.

The anode is essential for good fuel cell performance, as it provides sites for the
electrochemical reaction of the fuels. As the most commonly used anode material in SOFC,

Ni-YSZ cermets achieve stability in reducing atmospheres at high temperatures®, lower cost
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compared to other materials, and a similar thermal expansion coefficient to YSZ-electrolyte.
More importantly, the intrinsic charge transfer resistance that is associated with the
electrocatalytic activity at the Ni/YSZ boundary is low, which means the high catalytic activity
of nickel could break the H-H bond easily. More than 30%, by volume of interconnected
porosity in the anode is required to facilitate the transport of reactant and product gases.
Nickel serves as an excellent reforming catalyst and electrocatalyst for electrochemical
oxidation of hydrogen. It also provides electronic conductivity for the anode. The YSZ
constitutes a framework for the dispersion of Ni particles and acts as an inhibitor for the

coarsening of Ni powders during both consolidation and operation.

Recently, Gdo2Ceos01.9 (CGO) based cermet anodes have emerged as attractive candidates®
for use in SOFCs. When compared to stabilized zirconia, doped ceria presents ionic
conductivities approximately one order of magnitude greater, for lower temperature
conditions222627_ This is due to the larger ionic radius of Ce** (0.87 A) as compared to Zr*
(0.72 A) producing a more open structure through which oxide ions can easily conduct’.
Hibino et al.?® have investigated Ni-CGO anodes infiltrated with some noble metals, which act
as a catalyst to reform the fuel, and 3 wt% of Ru was determined as optimal noble metal
loading. They have also developed a Ni-ceria Samaria anode (CepsSmo.201.9), doped with Pd
as the catalyst, that has a very high performance at 550 'C with a power density of 640 mW
cm2. However, under the high temperature reducing atmosphere, Ce** could be reduced to
Ce?*, which induces electronic conductivity within in electrolyte, decreasing the open circuit
voltage and consequently increasing fuel consumption and reducing the cell performance?®.
This is the reason why CGO/CSO are used at lower temperatures (<700 'C) to minimise
electronic leakage through the electrolyte.
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In this case, the Ni-YSZ cermet offers the best available performance and stability at the
current commercial manufacturing capability. Based on material selection conditions, there
are some other types of anode materials have been developed, as shown in Table 2-1,

combining pros and cons.

Table 2-1 Advantages and disadvantages of some alternative materials considered for use in

the fabrication of SOFC anodes.

Anode material Advantage Disadvantage

LSCM Stable for both anode and | Poor electronic conductivity
(Lao.75Sr0.25Cro.50Mno.5003- | cathode and catalytic activity at
5) interim temperatures

STO (Strontium Titanate) | Good chemical and redox | Low electronic conductivity in

stability reducing conditions
Gandolinium-titanate Mixed ionic and electronic | Interfacial reactivity with YSZ,
based pyrochlores conductor low redox stability and

electronic conductivity

LST (La-doped SrTiOs) Higher conductivity than STO | Negligible catalytic activity for
the oxidation of hydrogen

2.2.2 Electrolyte

The electrolyte works with a function of conducting ions between the anode and cathode and
separating the fuel from the oxidant in the fuel cell. Currently, there are three types of ionic
transport mechanism can be considered to select electrolytes, including: anionic, protonic or
mixed ionic. However, oxygen anionic (O%) transport, from the cathode to the anode, is the
most common ionic transport mechanism in solid oxide fuel cells.

An electrolyte is essential for good fuel cell performance. Normally, there are several

selection criteria must be considered for choosing the material*>3%31 including:
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1. The ionic conductivity should be better than 1072 S cm™ under the operational temperature;
2. Negligible electronic conductivity;

3. The electrolyte should be a dense layer to prevent gas flow between anode and cathodes;

4. A good thermodynamic stability between different temperatures and oxygen partial

pressures;

5. Suitable mechanical properties, with fracture resistance greater than 400 MPa at room

temperature;

6. Negligible chemical interaction with electrode materials under operation and fabrication
conditions to avoid interface blocking;

7. Ability to be fabricated as thin layers (less than 30 um);

8. Cost effective raw materials and fabrication.

Zirconia based ceramics are the most used and understood electrolytes for high-temperature
fuel cells. Zirconia is in the monoclinic phase at room temperature. When the temperature
rises to 1170 °C, the structure transfers to a tetragonal phase, which is accompanied by a
volume change around 3-5%%. And then, zirconia will be changed into the cubic fluorite
structure on reaching 2370 °C and this phase kept until the melting point at 2680 °C31.
However, practically this cubic fluorite structure can be stabilized, from room temperature
up to the melting point, by doping with different ions. The doping process increases the
oxygen ion vacancy concentration and consequently improves the ionic conductivity3!. CaO,
MgO, Y03, Sc203, Sm»03 and Yb,03 are most common dopants used to achieve high solubility

in the zirconia fluorite structure, as shown in Table 2-2.
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Table 2-2 Values of ionic conductivity and activation energy of zirconia stabilized with

different cations3°.

Dopant Content (% oi at 1000 °C | Activation energy
mol) (Scm™) (kJ.mol)*
Y203 8 10.0 96
Sm>03 10 5.8 92
Yb203 10 11.0 82
Scy03 10 25.0 62

*96.488 kl.mol* =1 eV

Among different zirconia ceramics, Yttria-stabilized Zirconia is the most frequently used
electrolyte. The ionic conductivity of Yttria-stabilized Zirconia is highly dependent on the
Yttria dopant concentration. Several studies show that 8%mol Yttria-stabilized Zirconia
((Y203)0.08(Zr0O2)o.92) provides the optimal ionic conductivity, rather than any other yttria
concentration. For SOFCs, 8-YSZ is the most commonly used electrolyte due to its high ionic

conductivity and chemical redox stability.

Scandia-stabilized zirconia (ScSZ) has also been widely used as electrolyte due to its high ionic
conductivity. However, thermal ageing reduces its conductivity at high temperature, which is
the main limitation of this material for SOFC32. Other factors such as purity, availability and

cost limit scandium oxide being widely used as well3%.

2.2.3 Cathode

The function of the cathode in SOFCs is to electrochemically reduce oxygen from O, to O%.

0, +4e™ - 20%
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The oxygen ions are formed by reduction, then transported to the anode through the
electrolyte, via oxygen vacancies. In order to function appropriately, SOFC cathode materials
must be catalytically active to oxygen reduction, chemically and physically stable, compatible

with the electrolyte, possess sufficient electronic conductivity and contain sufficient porosity.

Lanthanum strontium manganite (LSM) is a cathode material widely used for commercial
application due to its compatibility with YSZ electrolytes. Mechanically, LSM has a similar
thermal expansion ratio to YSZ and thus minimized expansion stress mismatch during heating
and cooling. In addition to this, LSM has stable chemical reactivity with YSZ which extends the
lifetime of the cell. However, due to the poor ionic conductivity of the LSM, the
electrochemical reaction is limited to the cathode triple phase boundary (TPB). LSM works
well as a cathode at high temperatures, but its performance quickly falls as the operating
temperature is lowered below 800 °C. In order to increase the reaction zone beyond the TPB,
the cathode material must be able to conduct both electrons and oxygen ions. Mixed
ionic/electronic conducting (MIEC) ceramics, such as the perovskite LSCF, are also being
studied for use at an intermediate temperature as they are more active and can make up for

the increase in the activation energy of the reaction33-3%,

2.2.4 Cell Configuration of SOFCs

By using the different combination of material layer formats, an SOFC single cell can be
designed in different configurations. Based on the specific requirements, such as
considerations of sealing the anode and cathode compartments, manufacturing ability and

ohmic resistance minimisation, there are two main different design configurations that have
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been developed, with planar and tubular structures being the most commonly used designs.
Each design combines advantages and disadvantages, and it is difficult to indicate the optimal
solution, i.e., the planar design offers higher power densities and cheaper manufacturing cost,
rather than other shapes; but the by considering the long-term stability and demonstration,

the tubular configuration offers better seal and thermal cycling resistance.

___—Interconnect

Fuel flow
Anode
Electrolyte
Interconnect
Cathode
Air flow

Figure 2-2 Solid oxide fuel cell — planar design3°.

The planar design is the most widely used cell configuration, and is formed by sintering flat
and thin cermet plates, as shown in Figure 2-2. By using the combination of these electrode
/electrolyte layers, the electrical resistance of the cell can be minimized, consequently
achieve higher efficiency. The shape of the plate can be modified based on different design
requirements, ie., rectangular, square or circular. The planar SOFCs can also be categorized
on the basis of the supporting component of the cathode/ electrolyte/anode structure, as
summarized in Table 2-3. The operational temperature of the planar cells are normally at
800 °C or below. This advantage in lower operating temperature than the tubular SOFC

enables less exotic materials of construction, thus cost saving.
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Table 2-3 Summary of single cell configurations for single cell*°.

Cell configuration

Advantages

Disadvantages

e Relatively strong
structural support

e Higher resistance

Interconnect-supported

A
Y €
Interconnect-
supported

e Thin cell
components for
lower operating
temperature

e Stronger structures
from metallic
interconnect

El | d from the dense due to thick
ectrolyte-supporte clectrolyte electrolyte
A . e Higher operating
e Less susceptible to
. temperatures
E failure due to required to
u anode reoxidation q .
k\\\\\\\\\\\\\\\\\\\\\\\c (Ni/YSZ anode) and minimize .
cathode reduction electrolyte ohmic
I
(LSM cathode) 0s5€s
e No oxidation issues
Self Cathode-supported but potential . e Lower
supportin cathode reduction conductivit
PP g E due to electrolyte ¥
Q failure e Mass transport
\ ¢ v Lower operating limitation due to
& temperature via use thick cathodes
of thin electrolyte
e Potential anode
Anode-supported e Highly conductive reoxidation due
A anode to electrolyte
e Lower operating failure
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The SOFC tubular configuration has been developed since the late 1950s. As presented in
Figure 2-3, a porous cathode base tube is made to allow rapid transport of the air; the
electrolyte is applied to the cathode tubes by electrochemical vapour deposition (EVD); the
anode layer can be added by using dip coating*#2. And currently, there are other tubular
designs based on anode supports being developed. The typical operating temperature is
between 900-1000 °C. This tubular structure offers a simplified sealing mechanism, but at the
same time, a relatively high electrical resistance reduced the cell efficiency. Some tubular

designs also eliminate the need for seals and allow for thermal expansion.

Electrolyte Interconnection

\/

Anode Air flux Cathode

Fuel flux

Figure 2-3 Cross section of three ceramic layers of a tubular SOFC from Westinghouse

design3943.44
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2.2.5 Triple Phase Boundaries

The electrochemical reaction at the anode and electrolyte couples the charge transfer of
oxygen ions in YSZ, electrons in Ni and the transport of fuels in the pores. It is commonly
agreed and widely studied that the electrochemistry of hydrogen oxidation takes place at the
active triple phase boundary (aTPB) of Ni, YSZ and pores. The active TPB is the theoretical
contact perimeter between percolating Ni, YSZ and pore phase, where fuel oxidation and
charge transfer occur*#%4’, The rate of the electrochemical reaction is proportional to the
TPB length, which is a function of particle size, distribution of the three phases and

composition of the anode*®4°, as shown in Figure 2-4.

Percolated
Ni particles Activated

\ TPB

Figure 2-4 sketch of the TPB in a Ni-YSZ material for SOFC application.
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Quantification of aTPBs is a valuable metric for the determination of the optimal structure
and composition that yields maximum electrochemical performance, as well as for coupling
the anode degradation in terms of aTPB loss with the reduction in electrochemical
performance. The TPB can be identified by several means, as shown in Figure 2-5, the TPB
observed from FIB-SEM cross-sectional views only shows the TPB as a point where all three
phase are connected; in the novel flat Ni-YSZ electrode, presented in Chapter 7, the TPB can
be physically measured by determining the length of nickel open pores; for the conventional
Ni-YSZ and nickel infiltrated YSZ structure, the TPB is difficult to quantify as it appears as a 3D

line where two materials are connected and exposed in the porous structure.

Figure 2-5 TPBs presented in different types of structure. a) the TPBs observed in FIB-SEM
cross-sectional images; b) TPB in 2D Ni-YSZ structure; c) the TPB observed from a
conventional Ni-YSZ as-reduced sample; d) the TPB observed from a Ni infiltrated YSZ

scaffold as-reduced sample. All images from this work.
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The active TPB can also be estimated from the cell electrochemical performance, the

intermediate-frequency polarisation resistance, using a validated physically-based model°.

tan  cOth(I')
kcffo'io I

Ry =2

Equation 1

/ loLrpB
BT keftio Equation 2

where factor 2 represents the two electrodes for the symmetric cell, t,, is the anode
thickness, F the Faraday constant, R the gas constant, T the operating temperature in K, ks ¢
is the effective conductivity factor of the YSZ phase, gy, is the ionic conductivity of YSZ, i is
the exchange current density per unit of TPB length, Lpp is the TPB density per unit of
electrode volume. The parameters ks, io,0;, and YSZ volume fraction used in this
simulation were assumed to be constant with time during reduction. It is assumed that
polarisation degradation is caused solely by a decrease in TPB density®. L;pgp can be

evaluated by using Egs. (1 & 2) from the polarisation resistance R, measured with EIS*.

2.3  NI-YSZ MATERIAL OPERATING ISSUES

Thermal and mechanical strength are essential properties for SOFC devices, as they are
formed by various layers of different materials that must demonstrate high-quality capability
during manufacturing and operation. The operating temperature of the SOFC is currently
between 600-1000 °C, the high temperature provides not only advantages but also challenges.

The challenges include stack hardware, sealing, and cell interconnect issues. And it makes it
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difficult to match the materials requirements, leading to mechanical issues and reliability

concerns.

The Ni-YSZ material can degrade when subject to certain operating conditions, such as redox
cycling during operation?’°17>%, Past work has often concentrated on Ni-YSZ microstructural
evolution by annealing for long periods of time. It is commonly agreed that under these
conditions the accompanying performance loss is caused by an increase in average Ni particle

size and a decrease in TPB length per unit volume.

2.3.1 Nickel dewetting

Long-term durability is a key issue facing the commercial application of SOFCs as the elevated
operating temperature can result in electrode degradation after long-term operation'3>>°6,
The size changes of Ni particles were suggested to be due to the agglomeration of metallic
nickel®” and the formation of porosity upon reduction®®. These parameters also show a direct
relationship with the change of the effective TPB length®®. The increase in Ni particle size could
lead to a corresponding drop of TPB density and growth of polarisation resistance®®, moreover,

due to the potential loss of Ni—Ni contact, the electrical conductivity can decrease as well.

A wide range of experimental evidence has proven that Ni dewetting can accelerate
electrochemical performance degradation, by damaging the cermet microstructure and
reducing the aTPB>3®06! |ength. The investigation of Ni dewetting is also driven by the
increasing interest in nanostructured infiltrated electrodes®?7%>, whose initial performance
before Ni dewetting makes this technology very promising for intermediate and low-

66—68

temperature operation Recently, Bertei et al.®® pointed out that most of the
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electrochemical degradation of nanostructured anodes stems from the evolution of Ni
roughness at the nanometric scale. However, due to the large dimensional disparity between
the thin layer of nickel and the large YSZ particles of the scaffold, the dewetting mechanism

itself has proved challenging to investigate.

Dewetting describes the transformation of a thin film into an energetically favoured set of
droplets or particles. Solid-state dewetting denominates this process to occur at
temperatures well below the melting temperature of the bulk material’®. The driving force
for dewetting is the minimization of the total energy of the free surface of the film and
substrate, and of the film-substrate interface’. Metal film stability is a subject of immense
technological and scientific interest’?. In some cases dewetting needs be suppressed as the
unstable electrode can limit the reliability of microsystems at elevated temperature’3. In
other cases dewetting can be used to make nanoparticles for optical application’, or as

catalysts for the growth of carbon nanofibers’> and nanotubes’®.

Dewetting of Ni films on YSZ substrates is a particularly interesting system which is relevant
to Ni-YSZ cermet anodes. The partially dewetted Ni film itself is a workable anode for solid
oxide fuel cells as it provides long triple phase boundary lines if the structure is fine enough.
Meanwhile, the two-dimensional morphology and connectivity of nickel phase and pore
phase as well as TPB lines can be directly observed and characterised. From a fundamental
point of view the new information and understanding achieved by studying experimentally
observed 2D phenomena can lead to better insight to 3D microstructure degradation of Ni-
YSZ cermet. This is because the underlying mechanisms leading to dewetting of the thin film

is the same as that causing 3D microstructure evolution in 3D Ni-YSZ. So far only limited work
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has been done on nickel film dewetting. For example, Ye found that in solid-state dewetting
of single-crystal nickel thin films, holes that form in the Ni films evolve to complex shapes that
depend on the crystallographic orientation of the films and annealing ambient’’. In addition,
hydrogen partial pressure has a drastic impact on the dewetting of very thin nickel films,

possibly due to the formation of nickel metal hydride’®.

Some other works have also been focusing on the solid-state dewetting behaviour of other
metal combining with YSZ substrate. Simrick’® reported a thermal stability study of the silver
thin films deposited, by evaporation, on the single crystal YSZ substrates under different
annealing conditions (time and temperature), and it has been found that the rupturing first
manifests itself as holes at three-grain junctions, as well as the average isolated particle
diameter increases with higher anneal temperature after long-time annealing. In similar work,
Toghan” investigated the solid-state dewetting of platinum thin films on YSZ substrates,
prepared by sputtering, it has been observed that large voids developed resulting in a
reduction in contact area, such structures also significantly reduced in mechanical strength of
the films. Galinski®® also studied the platinum thin films on dielectric substrates and reported
the relationship between observable changes in the morphology of the thin film with the

kinetics of the agglomeration process.

The solid-state dewetting of the thin film on YSZ is heavily depends on the film preparation
method, thickness, operational atmosphere and annealing temperature’%’%7679-81  The
sputtered films are initially quite compact but annealing transforms the films very strongly

leading to dewetting and severe morphological changes.
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2.3.2 Redox Cycling Issues

During SOFC operation , the anode layer of the SOFC is in a reduced state, but it is strongly

sensitive to oxidizing atmospheres. Indeed, at operating temperatures, the Ni-YSZ oxidation
process is significantly faster than in a nickel powder. So, the nickel in the anode can be
transformed into NiO in a short time during an emergency system shut down. Therefore,
repeated emergency starts and stops can lead to many cermet reductions and re-oxidation
cycles. During these cycles, the composite has to accommodate the high dimensional changes
of the nickel particles, discussed below. Due to this, the anode microstructure could be
damaged, impacting negatively on electrochemical performance as well as the mechanical

properties.

Ni-YSZ anodes are typically fabricated by mixing YSZ and NiO particles, which are subsequently
reduced by H2 during the fuel cell start-up, which increases porosity because of the NiO to Ni
volume change. Reduction of the NiO-YSZ involves a quasi-reversible dimensional shrinkage
of 41.6% by converting NiO to Ni, as shown in Table 2-4. During utilization, the metallic nickel
phase re-organizes (agglomerates) due to high temperature, water vapor content and surface

tension equilibrium3284,

However, Ni is strongly sensitive to oxidising atmospheres, such as those present during
operation at high fuel conversion or during emergency shut-down, which can rapidly convert
Ni into its oxidised state, involving a 71.2% volume expansion. These Ni volume changes result
in irreversible microstructural damage, which includes bulk deformation of the

microstructure, commonly leading to electrolyte cracking?”>%8. It also has been found that
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after redox cycling, polarisation resistance increased due to TPB length reduction and Ni

surface area decrease>®12,

Table 2-4 Properties of nickel and nickel oxide molar mass, specific mass and molar volume®’:

NiO Ni
M (g mol) 74.71 58.71
Density (g cm3) 6.6 8.9
V (cm3 mol?) 11.32 6.60

During reduction, the volume decrease described as:

Vni — Vnio
AV,py = N YN0 _ 41 6%
red VN:’O 6
Equation 3

Upon re-oxidation, the volume increase could as high as 71.2%:

Viin — Vi
AVOX _ NIOV - Ni
Ni Equation 4

Due to the impact of redox cycling on Ni-YSZ electrode combining the influence from nickel
morphology change and electrolyte cracking, which directly leads to electrochemical and
mechanical properties degradation, it is essential to study the redox cycling impact on each
aspect, and then combine it with changes in the electrochemical and mechanical properties.
Such a comprehensive study of conventional Ni-YSZ is not available in the literature and will

be presented in Chapter 4 & 5
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2.4 NI-YSZ MATERIAL CHARACTERISATION

2.4.1 Mechanical Properties of Ni-YSZ

The functional layers of SOFCs must tolerate certain mechanical stresses during fabrication
and operation in order to achieve long-standing stability and reliable performance.
Knowledge of the mechanical properties of Ni-YSZ is essential for SOFC design. Therefore,
appropriate mechanical properties are selected to prevent structural failures such as cracks,
delamination and fractures®2°, Such failures not only result in microstructure damage, but
also lead to electrochemical performance degradation. Therefore, it is important to
understand the mechanical stability of these materials in the form of the resistance to thermal
expansion or redox cycling. The key mechanical properties that are the subject of this study
are the elastic modulus and hardness. Past relevant studies have concentrated on the bulk
structural damage and failure mechanism in a variety of operating environments for
conventional electrolyte and electrode materials, such as Y5280 and CGO%(electrolyte),

LSM (cathode)®? and Ni-YSZ (anode)?3°4, respectively.

2.4.1.1  Studies of Ni-YSZ Mechanical Properties

The mechanical properties of conventional Ni-YSZ cermets have been widely studied with a
various range of techniques. The Impulse Excitation Technique (IET) has been used to
determine mechanical parameters in thick Ni-YSZ electrodes, 300 um or above, determining
the elastic modulus as a function of porosity, Ni content and sinter temperature?’,°5=7,
Empirical relationships between the porosity and elastic modulus of conventional Ni-YSZ has

been reported and validated in several studies®”®8. A comparison of different mechanical
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properties determined by these experimental techniques has been undertaken®. The
nanoindentation technique has been developed and is used to study the material indentation
response and mechanical properties at the nanometric scale'®10l, Recent work has been
focused on using nanoindentation to determine degradation of the mechanical properties of
conventional Ni-YSZ thin films during redox cycling. The elastic modulus and hardness
degradation during redox cycling were caused by the YSZ framework breaking down, which

also significantly reduced the aTPB?2,

Many studies have focused on the impact of redox cycling on conventional Ni-YSZ anodes, the
main degradation mechanisms include: Ni-NiO volume changes, Ni agglomeration, and YSZ
framework break down?”°154102 The use of Ni infiltrated YSZ scaffolds minimises the
degradation impact from Ni volume expansion during redox cycling®!. The mechanical and
initial electrochemical performance enhancement is the key advantage of this material
compared to the conventional Ni-YSZ prepared from mixtures of NiO and YSZ powders.
However, only limited work has focused on the impact of redox cycling on these scaffold

structures.

2.4.1.2  Nanoindentation for Porous/thin Material Studies

The nanoindentation technique was first developed in the 1970s and used to measure the
hardness of small volumes of material®3-1%, QOliver and Pharr®’ developed an enhanced
analysis method (the Oliver-Pharr method) for estimating elastic modulus and hardness from
indentation load-depth curves. This technique uses a micro-level indenter to control the load

and displacement, while recording the real-time load-displacement data. These enable
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mechanical tests over a small region of the material, as the testing area can be controlled over
a few micrometres or even nanometres scales. For this reason, the method is used extensively
to measure the mechanical properties of thin films with microstructural feature size at the
micron level. In addition to this, the nanoindentation technique has also been developed and
used to study the response of the material at smaller length scales!?®1%°, Nanoindentation is
thus an ideal technique to investigate the mechanical properties of Ni-YSZ films. The

methodology of nanoindentation will be explained in detail in Chapter 3.

2.4.2 Microstructure of Ni-YSZ

It is widely known that the anode microstructure has a significant influence on fuel cell
performance and cell stability!!®*'2 Traditional methods of visualising the material
microstructures rely on the simplification of 3D microstructures into 2D planar representation
using optical microscopy and SEM. A number of studies have been carried out on the 2D
microstructural characterisation of SOFC electrodes in order to correlate microstructures with
electrochemical performance. However, Ni-YSZ electrodes are formed of 3D microstructural
features, which generates critical links to materials mechanical properties and
electrochemical performance and consequently affect the durability of the cell. The
microstructure features such as three-phase boundary length, volume fraction (e.g. porosity),
particles size, particle surface areas and interface areas are essential factors for electrode
characterisation. A high-performance electrode needs to be optimized for balancing a range

of requirements.
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Figure2-6 Length scales of tomography techniques®'4.

The development of advanced 3D tomographic techniques have made it possible to analyse
the microstructures of SOFC electrodes by getting access to a variety of valuable
microstructural information based on 3D reconstruction, which can also be used to correlate
with previous research for a better understanding of SOFC electrode performance so that
better designs of electrodes can be developed. For example, effects of morphology change
and dependence on starting materials and fabrication methods have been reported>3112,
Figure2-6 shows the application of tomography techniques based on the sample volume that
can be analysed, and the spatial resolution achievable, where FIB-SEM and X-ray tomography
(XCT)1'3 appear to be appropriate for SOFC microstructure studies. Yokokawa et al. have also
identified FIB-SEM as the ‘most important tool’ for microstructure characterisation and

recognised the importance of FIB-SEM in studies of material degradation mechanisms4,
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Recently, direct measurements of 3D SOFC electrode microstructures have been performed
by focused ion beam scanning electron microscopy (FIB-SEM)!011L115-117 - FIB-SEM
tomography!'8119 allows the Ni-YSZ electrodes microstructure to be quantified through ex-
situ analysis, due to the good phase contrast between Ni and YSZ, and the relatively high
resolution of the technique. From the 3D tomography reconstructed microstructure,

parameters such as volume fractions, interfacial areas, TPB length can be quantified>>120-

123
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CHAPTER 3 EXPERIMENTAL METHODS

This Chapter introduce the main techniques involved in sample preparation, property
characterisation, measurements and analysis of the practical part in this work, including the

basic principles of equipment and the processing of data.

3.1 CELL MANUFACTURING

3.1.1 Ink Preparation

In this study two types of inks were prepared:

i Ink#1: the ink contained a mixture of commercial NiO-YSZ powder and solvent;

Ni-YSZ symmetrical cells were prepared with a NiO-YSZ slurry made from NiO-YSZ powder
(Nexceris, USA, 60 wt% NiO, 2.45 m? g surface area) mixed with terpineol, binder (Hercules

ECN-7) and dispersant (Hypermer KD15).

ii. Ink#2: the ink contained a mixture of commercial YSZ powder, carbon black and

solvent.

The YSZ scaffolds were prepared by depositing and sintering a YSZ-carbon black slurry on top
of a YSZ substrate. YSZ powder (Nexceris, USA, 11.0 m?g~! surface area) and 10 wt% carbon
black powder (Alfa Aesar, USA, 75.0 m2g~! surface area, 80-120 g L™ bulk density) were pre-

mixed with 2-propanol (EMSURE® ACS) for 24 h in a roll mill. This pre-mixed powder was dried
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at room temperature and then mixed with terpineol, binder (Hercules ECN-7) and dispersant

(Hypermer KD15).

3.1.1.1 Conventional Ni-YSZ Ink

The NiO-YSZ slurry was made from NiO and YSZ powder mixed with terpineol, binder and
dispersant. The suspension was stirred for 48 hours to avoid particle agglomeration. A
ceramic triple-roll mill (EXAKT, 80E, Germany) was used to homogenise the slurry for 20 min

and eliminate agglomerates above 5 um.

3.1.1.2  YSZInk for Scaffolds

Carbon black was used as a sacrificial pore former to obtain the desired porosity and scaffold

structure. This pore former was then burned out during the firing step, leaving pores®.

The YSZ powder and 10 wt% carbon black powder were pre-mixed with 2-propanol for 24
hours in a roll mill. This pre-mixed powder was dried at room temperature then mixed with
terpineol, binder and dispersant. The suspensions were stirred for 48 hours to avoid particle
agglomeration. A ceramic triple-roll mill (EXAKT, 80E, Germany) was used to homogenise the

slurry for 20 min and eliminate agglomerates above 5 um in size.

3.1.2 Electrode Manufacturing

After the ink preparation, there were several approaches used for manufacturing electrodes
for this study, including: tape casting and screen printing for producing conventional

electrodes. In addition, some other novel approaches have been also developed for tailoring
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electrode microstructure, ie. Ni sputtering was used for producing 2D cells, and an

electrospinning fibre membrane was used to modify YSZ electrode structure.

3.1.2.1 Tape casting

— Tape

———Blade

Direction Tape-cast
electrode

Substrate «—

»

Ink «—

Figure 3-1 A Schematic drawing shows the tape casting process used in laboratory for

sample preparation; top view of the tape-cast electrode.

Tape casting is a process used to manufacture relatively thick (30-80 um after drying) and flat
cermets from a slurry. The principle of tape casting is shown in Figure 3-1. In this study, tape
casting consists of a blade moved in one direction, and a tape with a hole in the centre used
to control the shape and thickness of the cermet slurry. The thickness of the cermet slurry
can be controlled by adjusting a series of parameters such as the blade speed, the tape
thickness and slurry viscosity. In typical tape casting equipment, the tape thickness varies
from 30 um to 100 um. This could result in an electrode thickness of 15 um to 50 um after
sintering. Due to this relatively thick electrode, the cells manufactured from tape-casting were
used for nanoindentation to measure its mechanical properties, which will be explained in

detail in section 3.2.3 of this chapter.
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3.1.2.2  Screen Printing

Screen printing is widely used in many industrial areas. In this study, screen printing was used
to produce thin electrodes of approx. 10 um thickness or less after sintering. The basic parts
of screen printing are shown in Figure 3-2, including a substrate, doctor blade, squeegee,
paste material for deposition and a stencil with shaped mesh. The screen mesh can be made
from polyester, stainless steel or nylon. The mesh is attached under tension onto a frame
which is shown in grey. The frame is sufficiently strong to withstand the tension when the
mesh is stretched as it approaches the substrate. The squeegee deflects the mesh and lets it
contact the substrate. The process involves pouring the ink on one side of the screen and
spreading this by doctor blade, then the squeegee is pressed firmly to the mesh and the mesh
pressed onto the substrate. A steady and smooth pressure along the length of the squeegee
and full contact between mesh and substrate over the whole area is essential. The material
slurry fills the mesh and is deposited onto the substrate. The typical thickness of a screen
printed electrode after sintering is around 5-10 um. More passes can be applied to give a

thicker deposit.
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Figure 3-2 Presentation of a typical screen printing process, a) the principle of ink spreading

process; b) the principle of the screen printing process.

3.1.2.3  Electrospinning

Electrospinning was used to produce YSZ fibres and form a highly porous YSZ membrane. The
YSZ fibre was prepared by dissolving 85 wt% of 8YSZ powder and 15 wt% of PAN
(Polyacrylonitrile) powder (Goodfellow Cambridge Limited Huntingdon, mean particle size 50
um, mean molecular weight 230,000 g mol™?) into dimethylformamide (DMF, VWR chemicals,
99.90%). The prepared YSZ suspension was filled into a syringe and ejected by a syringe pump.
The metal syringe nozzle was held at 10 kV using a high voltage power supply (GenVolt 73,030)
a distance of 17.5 cm from the aluminium electro spinner. The collected YSZ nanofibers were
formed into a fibre membrane with an approximate thickness of 20 um. Then a carbonization
process was performed in order to obtain a stable nano-fibre structure. The YSZ fibre

membrane was initially heated to 300 °C in air for 1 hour and then raised to 550 °C in pure
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nitrogen for 1 hour. The obtained carbonized YSZ nano-fibore membrane was cut into shape

for electrode preparation. The set-up is shown in Figure 3-3.

. B
e
E—

Figure 3-3 Schematic illustration of the preparation of YSZ nanofiber films by

electrospinning?,

3.1.2.4  Niinfiltration

Infiltration is a commonly used method to add in the metal phase into the scaffold structure®?,
as illustrated in Figure 3-4. For the SOFC anode, the pores of the YSZ scaffold are normally
infiltrated with a metallic nitrate solution and then heated to obtain the metallic oxide by
decomposition. Normally, multiple infiltration and heat treatment steps are required, due to

the low loading of metal salts that can be achieved per impregnation step.

After heat treatment, it is relatively easy to obtain nickel nanoparticles into the electrodes.
This is because the nickel phase does not experience high sintering temperatures during

fabrication. In the infiltrated electrode, a significant increase in the triple phase boundary



density is obtained, due to the combination of scaffold high surface area and nickel nano

particles®?,

Porous
scaffold

/ Metal nitrate solution

rEd S
S50°C, 1 h
+
heating & coolin
Decomposition s
To oxide ¢

Figure 3-4 Impregnation of a porous scaffold. A metal nitrate solution is infiltrated into the
scaffold. This is heated to decompose the nitrate to the oxide. The operation is then

repeated several times.®!

In this study, 2 uL of 2M nickel (1l) nitrate ethanol solution was pipetted into the YSZ scaffold
and the cell heated up to 550 °C, with a 5 °C ramp rate, to decompose the nitrate into nickel
oxide3361125-128 The infiltration and decomposition process was repeated 15 times until the
nickel content in the electrode was about 36 wt% with respect to the scaffold as measured

by weight difference.

3.1.2.5 Ni sputtering

In this study, a novel concept of 2D symmetrical cell was designed to study the nickel
dewetting behaviour. For cell preparation, sputtering was used to produce a well-controlled

thin Ni electrode.
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Figure 3-5 Schematic presentation of nickel thin film sputtering.

Sputtering is a process whereby particles are ejected from a solid target material due to
bombardment of the target by energetic particles, particularly gas ions in a laboratory. In this
work, a 99.99% purity nickel target was used. The nickel films were deposited on both sides
of the 8YSZ substrates by magnetron sputtering (Ar pressure: 2.103 mbar, current: 100 mA,
deposition rate: 20 nm min?, target-sample distance: 8 cm). The nickel thin film covered a 2
cm? surface area and had a thickness of 40 nm (+5 nm). After sputtering, the nickel film was

nearly amorphous, formed by layers of nickel nanoparticles, observed by XRD and described

in Chapter 6 in detail.

3.1.3 YSZ Scaffold and Conventional anode Sintering

Sintering is one of the most important steps in fabrication by generating a stable structure for
conduction between particles. This is a process of transforming the deposited films it into a

consolidated body at a relatively high temperature. The process temperature should be below
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the melting point of the materials while allowing strong bonds to form between particles.
During sintering, the diffusion of atoms takes place at higher temperature and grain growth
occurs, while all the solvents, binders, dispersants, plasticizers, and pore formers are

evaporated and/or burnt off.

The choice of temperature is crucial to obtain porous electrodes while maintaining the best
possible scaffold structure. In this study, the sintering temperature impact on the YSZ grain
structure has been studied. The YSZ scaffolds were prepared by depositing and sintering an
YSZ-carbon black slurry on top of an YSZ substrate. The slurry was deposited by tape casting
on an 8YSZ electrolyte and fired at 1000 °C, 1100 °C, 1200 °C, 1300 °C, 1400°C or 1500 °C
respectively for 2 hours in air. A two-stage sintering process was used in this scaffold material
study, as shown in Figure 3-6, avoiding the peeling off or delamination of the scaffold layer
from the electrolyte. The final scaffolds had a thickness between 15-30 pum with a 2 cm?

geometric area.

Figure 3-7 sintering temperature impact on the YSZ grain size, grain boundaries and porosity
of the YSZ scaffolds. The initial YSZ inks are prepared with same YSZ particle size (<5 um) and

same amount of pore formers (10 wt%).
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Figure 3-6 2-stage process for sintering YSZ scaffold electrodes.

Figure 3-7 sintering temperature impact on the YSZ grain size, grain boundaries and porosity
of the YSZ scaffolds. The initial YSZ inks are prepared with same YSZ particle size (<5 um) and

same amount of pore formers (10 wt%).
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3.2 MATERIAL CHARACTERISATIONS

3.2.1 Electrochemical Impedance Spectroscopy (EIS) Measurement and Analysis

Impedance spectroscopy is a widely used technique to study electrochemical characteristics
of fuel cells, batteries, and capacitors. It consists of measuring the impedance of a system at
different frequencies by superimposing a small AC voltage onto the voltage operating point.
The underlying idea is that individual processes will appear in the impedance spectrum at
different frequencies, according to their inherent rate. For example, a charge transfer process

is likely to appear at higher frequencies than a slower diffusional process.
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Figure 3-8 Schematic of the electrochemical test rig. The rig has a single fuel gas inlet and

the arrows represent the fuel gas flow paths.
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In this work, an in-house designed and built impedance test rig was used to conduct EIS
measurements when redox cycling the symmetrical cell. Two Pt-meshes (>99.2% Pt) were
used as a current-collector, which ensures a homogeneous current distribution over the
electrode and low contact resistance at high temperature. No additional silver paint was used
as current collector. All impedance measurements were obtained using a potentiostat
(Autolab PGSTAT302N, Eco Chemie BV) coupled with a frequency response analyser (FRA).
The EIS measurement was performed using a two-electrode configuration in a four-point set-
up for both symmetrical at open circuit voltage (OCV). The measurement results were
collected with a potentiostat Nova 10.1. The pellet holder was placed on ceramic tubes,
which were also used to supply the fuel gas, as shown in Figure 3-8. The humidified fuel gas

composition was regulated by mass flow controllers.

Table 3-1 Parameters and experimental conditions used during EIS measurements.

Parameters Convention | Ni-YSZ Ni-YSZ Flat | Ni-YSZ Fibre
al-YSZ Cell | Scaffold Cell | Cell Scaffold Cell
Sinusoidal voltage amplitude
(mV) 20 20 20 20
Frequency range (Hz)
10t -10° 101 -10° 101 -10° 10t -10°
Number of points per
decade/Time 60/ 5Min | 50/ 4 Min 40/2Min | 50/ 4 Min
Experimental | Temperature
conditions (°C) 800 500-600 400-650 600-700
Gas mixture Humidified 5 vol% hydrogen and 95 vol% nitrogen at a
flow rate of 100 ml min

74




Typically, the impedance is presented in Nyquist plot, or the magnitude and phase shift as a
function of the logarithm of the frequency (Bode plots). The Nyquist plot of the impedance
spectrum of symmetrical Ni-YSZ electrodes usually shows one or more semicircles, due to the
capacitive behaviour of the electrochemical processes involved, as shown in Figure 3-9. The
relative position of these semicircles, their size, the apex frequencies, and the values of their
intercepts with the real axis yield important information on the different processes within
the cell. The table below shows the summarized EIS parameters and experimental conditions

used in this study.
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Figure 3-9 the nyquist plot of the impedance spectrum of a symmetrical Ni-YSZ electrode
usually, shows one or more flattened semicircles, and the equivalent circuit model used for

impedance analysis.

The obtained EIS data was analysed through Z-view (Scribner, USA) using an equivalent
electrical circuit, as shown below, where R; is the overall ohmic resistance including:

electrolyte resistance, electrode ohmic resistance, contact resistance at the Ni-YSZ/YSZ
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interface and the contact resistance between the electrodes and current collector. To account
for the depression of the electrode arc a constant phase element (CPE) was used in the circuit
instead of a capacitor The (R2, CPE2) and (Rs, CPE3) correspond to the high-frequency and low-
frequency arcs, which is electrochemical reaction polarization resistance and diffusion
resistance, respectively. The values of Ri, Rz, R3 and CPE1, CPE; can be obtained from fitting

the impedance data with this proposed equivalent circuit.

The impedance of a CPE element is defined as:

Zy = Qo (iw)™ Equation 6

With Qo the admittance value at w = 1 s7%, i the imaginary unit, w the angular frequency and
n a number between -1 (ideal inductance) and 1 (ideal capacitance). In the fitting, Qo and n
are usually used as fitting parameters. Throughout this work, only resistance values were

discussed and referred to represents electrode electrochemical performance.

3.2.2 Microstructure Characterisation

In this study, the microstructure of the samples was evaluated by using a combination of
various techniques. This combination of different tools enabled accurate characterisation of
morphological, chemical and geometrical properties of materials. Here, the techniques
involve scanning electron microscopy (SEM), environmental scanning electron microscopy (E-
SEM), atomic force microscopy (AFM), energy dispersive X-ray spectroscopy (EDS), X-Ray

Diffraction (XRD) and focussed ion beam scanning electron microscopy (FIB-SEM).
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3.2.2.1 Scanning Electron Microscopy (SEM) & Environmental-SEM

Source

=1 [ —=—— 5 Anode

Condenser 4_@

lens

- ], Aperture

Scan coils 4—. .

Objective @
lens Secondary electron
Detector

Secondary
electrons

Figure 3-10 Schematic of SEM working principle; in the E-SEM, the sample holder functioned

as the heating element.

The morphology changes of the electrode were observed by using SEM (LEO Gemini 1525
FEGSEM). Prior to imaging, the samples were coated with 15 nm of chromium to ensure
sufficient electronic conductivity, preventing the accumulation of electrostatic charge at the
surfaces, image drifting and improving the resolution. In this study, both high and low
magnification imaging was performed using secondary electrons and Inlens detector.
Samples were prepared from sample fractures to examine the morphology of the top surface
and cross-section of the electrode. The Ni grain structure was detected by using SESI detector

for the flat NI-YSZ samples. The chromium coating was not applied to the flat Ni-YSZ samples.

The FEI Quanta 200 E-SEM apparatus with FEG (Field Effect Gun) was used for the in-situ

dewetting progress, with help from Dr. Renaud Podor at Institut de Chimie Séparative de
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Marcoule. The test atmosphere used was humidified (3%) forming gas (a mixture of 5 vol %
H2 and 95 vol % N;) at 170 Pa chamber pressure. A dedicated in-situ heating stage accurately
controlled the sample temperature at up to 600°C through a thermocouple in direct contact
with the samples!?®. Images with different magnifications were recorded throughout each
experiment. The high magnification images (x10,000, 12.4 nm/pixel) were used to study local
details of the nickel layer and to determine the local curvature; whereas, low magnification

images (x5000, 24.8 nm/pixel) were used for statistical analysis on a larger field of view.

3.2.2.2 Atomic Force Microscope (AFM)

photodiode

laser beam

cantilever

Atomic Force
Microscope (AFM)

force between
sample surface and tip

Figure 3-11 Schematic of AFM working principle.

Atomic force microscopy is a very-high-resolution type of scanning probe microscopy (SPM),
with demonstrated resolution on the order of fractions of a nanometer, more than 1000 times
better than the optical diffraction limit, the principle of the AFM is shown in Figure 3-11. In
this study, the depth of the grain boundaries of the YSZ substrate was mapped using AFM.

The result was used for understanding the impact of YSZ grain boundries on nickel thin film
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dewetting. This work was supported by Dr Victoria Bemmer in Department of Materials,

Imperial College London.

3.2.2.3 FIB-SEM Dual-beam Tomography

Silver Paste

Figure 3-12 Schematic of FIB-SEM working principle and the illustration of sample milling

steps.

Focused ion beam scanning electron microscopy (FIB-SEM, Auriga, Zeiss) was used to study
the electrode microstructure in three-dimensions (3D). The electrode samples were prepared
by impregnating a mixture of epoxy resin and hardener (Specifix 20, Struers) into the porous

electrodes under vacuum (0.8 Bar) for 12 hours. This vacuum impregnation allows the resin

79



to fill the pores and distinguishes the open pores of the electrode during imaging. Then the

sample was cut and polished into a thin cross-sectional layer using a diamond blade.

A 30 nm gold coating was deposited on the mounted electrode specimens by sputtering
before FIB-SEM observation. This gold coating works as a conductive layer to prevent the
charging effect, which would otherwise occur due to the accumulation of static electric fields.
It also increases the amount of secondary electrons that can be detected from the surface of
the specimen in the SEM and therefore increases the signal to noise ratio to improve the
quality and brightness of the acquired images. For the FIB milling, the gold layer could also

protects the sample from unintentional damage during milling.

Figure 3-12 shows the sample set-up and the working principle of the FIB-SEM. The FIB is used
to mill the cross-section of the sample into slices of desired thickness, each of which is
visualised by the SEM from an angle of 54° to the sample surface. Initially, the finely polished
sample was coated with 30 nm gold, in order to protect the surface from unnecessary damage
during the high energy FIB milling. A silver paste was also used to ensure the sample
conductivity. The coated sample is placed onto the holder in the chamber and tilted to allow
the sample surface to be normal to the FIB. The typical milling involves: 1. Finding and
selecting the milling location; 2. Mill the trench; 3. Fine milling and imaging; 4. the images are

combined in sequence and ready for 3D reconstruction.
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YSZ substrate

Figure 3-13 Ni wetting angle measurement using FIB-SEM cross-sectional imaging.

In this study, FIB-SEM is also used for measuring the Ni wetting angle, as shown in Figure 3-13.
A wetting angle correction was considered due to the sample tilt of 54° for FIB milling. Here
a is the real wetting angle, 8 is observed angle from SEM images. The contact point is a cross-

section of a TPB (i.e., the intersection of gas/Ni/ YSZ).

tanp )
Cco0S 36°

a = arctan( Equation 7

3.2.2.4 X-Ray Diffraction (XRD)

In this study, a Philips PW 1729 diffractometer (operated at 40 kV and 40 mA) with a copper
target producing Cu-Ka radiation was used to obtain XRD data and to confirm phase purity
and for structural analysis. All scans were performed between 20°-100° (with a step size of
0.02°/s and a dwell time of 10 seconds per step. The data analysis was performed using
General Structure Analysis System and EXPGUI software based on Rietveld refinement which

provided a method of analysing XRD patterns to obtain structural information, such as lattice
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parameters and space group. This work was supported by Mr Richard Sweeney, Department

of Materials, Imperial College London.

Detector

X-ray tube

Figure 3-14 Schematic of XRD working principle.

3.2.3 Mechanical Characterisation

3.2.3.1 Nanoindentation

The indentation method is one of the most commonly used means of testing materials
mechanical properties. In this study, the mechanical properties of Ni-YSZ thin films were
measured by nanoindentation (NanoTest Platform, Micromaterial, UK) at room temperature.
A sharp tip was indented into the material surface and the material response during the

loading and unloading process was recorded, as shown in Figure 3-15.
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Figure 3-15 Schematic of nanoindentation experiment set-up and working principle.

Over 100 indentations per sample were carried out with a Vickers/ Flat Punch diamond tip
with a 200 um interval to obtain a statistically representative dataset and avoid outliers due
to inhomogeneities. By considering the different thickness and microstructure of the samples,

three different operational modes were used.

First condition mode: In this mode, the loading tip stops the load ramp when either of the
maximum load or the maximum depth are reached; Load control mode: Setting the maximum

and minimum loading force, the loading tip stops the load ramp when reach the maximum
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force condition; Depth control mode: Setting the maximum and minimum loading depth, the

loading tip stops the load ramp when reach the maximum depth condition

The table below shows the summarized nanoindentation parameters and experimental

conditions used in this study.

Table 3-2 Summary of the nanoindentation conditions used in this study.

Vickers diamond tip F!at . Punch
diamond tip
Material YSZ Conventio | YSZ Ni-YSZ Ni-YSZ Fiber
Pellet | nal Ni-YSZ | Scaffold Scaffold | Scaffold
Correction
Tip factor 1.055
Parameters
Area(um?) | A = 4hZtan?68° = 24.504h? A=3.14x202
Operational Temperature | Normal Room Temperature 23 °C
First Load (mN) 100-500
condition
Mode Depth (nm) 1000-3000
Load Load (mN) 288 100-500 100-500 100-500 | 100-500
Control
Mode ?:/:1); Depth | 16000 | 5000 5000 5000 | 3000
1000- 1000-
EEE::\OI Depth (nm) 1000-5000 5000 5000 500-3000
Mode MAX " Load 300 300 300 200
(mN)
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3.2.3.2 Mechanical Properties Data Analysis

The Nano-indentation machine measures the movement of a diamond probe in contact with
the material surface. In order to make a measurement, an increasing load is applied and the
probe indents the surface, as shown schematically below: Force, displacement and dwell time

are recorded throughout the test.

Optional hold
Pt at maximum
Max load
load J

[Loading

Unloading
AC ripple

\

<«— Partial
unloading

/

v

Figure 3-16 various components of a nanoindentation test cycle, h is displacement, P is

loading force.

In an indentation, the elastic and plastic properties of the sample determine the shape of the
unloading curve. It is customary for a nanoindentation instrument to allow for a dwell or hold
period at each load increment and at maximum load. The dwell settings at each load

increment allow the instrument and specimen to stabilize before depth and load readings are
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taken. Hold period data at maximum load can be used to measure creep within the sample or
thermal drift of the apparatus during a test. Figure 3-16 illustrates the loading, hold and

unloading periods used in a typical test cycle.

The elastic modulus, E, and hardness, H, were calculated from the load—depth curves using

Oliver—Pharr analysis*30:

1-v?
E = — Equation 8
1 1—vl
M E;
dp |«
M = £ =) Equation 9
2 “dh+/A
P.
H = % Equation 10

where v is the Poisson's ratio of the specimen, which is 0.387 approximately®3!; E; and v; are
the elastic modulus=1220 GPa and Poisson's ratio= 0.07 of the diamond indenter, respectively;
M is the indentation modulus, 8 is a geometrical correction factor, which is 1.055 for a Vickers
diamond tip*3?; Pmax is the maximum load applied and A is the contact area between indenter
and material, which is, A = 4h?tan?68° = 24.504h? for a Vickers indenter, where h, is the

indentation loading depth.
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Figure 3-17 Compliance loading-unloading curves. From a nanoindentation experiment with
maximum load Pmax and depth beneath the specimen free surface hmax. The depth of the
contact circle h. and slope of the elastic unloading dP/dh allow specimen modulus and
hardness to be calculated. h; is the depth of the residual impression, and he is the

displacement associated with the elastic recovery during unloading.

3.2.4 Microstructure 3D Reconstruction

3.2.4.1 Image processing

The Ni-YSZ material is composed of three components, i.e. air-filled pores impregnated with
resin, solid Ni material and solid YSZ, which were normally represented by black, dark grey

and light grey (or white) pixels in the FIB-milled SEM images obtained. In this study, all the
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image processing and 3D reconstruction of the data were performed using the Avizo software

package.

Normally, image processing and 3D reconstruction includes four steps, using Avizo:

i. Alignment of the entire image stack to compensate for x—y plane shifting and z-

direction drifting;

Due to the combination of charging and drifting problems throughout SEM imaging, image
alignment is necessary to correct these distortions. This common image alignment involved
drift correction and shear correction. Algorithm cross-correlation between two successive
images in a stack ensured that all the images were aligned with the reference feature in the
first image, and this was best achieved if the images were very similar from slice to slice, for
example approximately the same intensity and brightness variations throughout the data

stack, as shown in Figure 3-18.

Figure 3-18 image processing in YZ direction, the presentation of the raw image stack, after

aligning and after shearing.
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ii. choose and crop-out of a suitable sub-volume, as shown in Figure 3-19.

1pum

Figure 3-19 the suitable sub-volume is highlighted. Region (b is excluded due to its over

intensity grading, which could lead to imprecision in image segmentation.

iii. image filtering:

A large numbers of filters are available in Avizo for smoothing, sharpening of objects and for
noise removal in the grayscale images and the 3D volume. Cross-sectional image smoothing

was based on a median filter algorithm to reduce noise before segmentation, as shown in

Figure 3-20.

89



Figure 3-20 image processing in X-Y direction. The presentation of FIB-SEM raw images
before and after Median Filter.

iv. Image Segmentation

Figure 3-21 the cross-section raw images of FIB-SEM and its segmentation of a conventional

Ni-YSZ sample.
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Segmentation of the image stack by thresholding of the grayscale to accurately identify and
partition the image into multiple segments which were assigned the same visual
characteristics corresponding to relevant material components (or phases), as shown in
Figure 3-21.

v. 3D visualisation and representation.

After the segmentation, each phase of the sample can be clearly identified for 3D
reconstruction. Figure 3-22 shows the reconstruction results from the segmented image stack.

This result is used for quantified analysis of the corresponding samples.

Ni Particles YSZ Particles

Reconstruction

Segmentation

Figure 3-22 the presentation of FIB-SEM image segmentation (the selected phase is
indicated in blue) and its 3D reconstruction. Each phase can be identified after 3D

segmentation.
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3.2.4.2 Particle Size and Distribution Measurement

100 nm W 450 nm

Figure 3-23 the 3D reconstructed microstructure for the Ni-YSZ, showing the Ni particles and

their size distribution across the electrode.

Based on the 3D structure generated in the last process, the particle size and particle
distribution of the electrode were quantified. This includes the Ni/YSZ/Pore size presented in
a colour code and calculated based on the equivalent spherical diameter. This particles size
analysis was supported by Dr. Vladimir Yufit and Dr. Farid Tariq using software developed by

IQM Elements (London) 112, only used in Chapter 6.

3.2.4.3 Porosity and Interfacial Area Measurement

Due to the very small volume of thin (15-30 um) Ni-YSZ films, it was not possible to apply any
physical method to measure their porosities and material interface area. Instead, they were
measured using the quantification of Avizo 9.0.0 image processing software (VSG Co., USA)

based on the actual 3D microstructural data of the films collected using the FIB-SEM
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tomography technique. The porosity was quantified based on the volume percentage of pore
phase to overall volume. The interface areas were quantified by calculating the contact area
between each phase by using the statistic function provided by Avizo, i.e. Ni-YSZ, Ni-Pore and

YSZ-Pore.

3.2.4.4 Triple Phase Boundaries Measurement

The triple phase boundaries (TPB) are the contact points of the nickel phase, YSZ phase and
gas phase. From the 3D reconstructed microstructure, the TPBs can be identified and
calculated. Normally, the total TPB can be simply calculated by measuring the three phase
contacting length. The measurement of active TPB is more advanced, involving the
percolation of each phase. In this work, the assumption when calculating active TPB length is
that the TPB can be only be active when the corresponding YSZ phase is percolated from the

electrolyte and the nickel and pore phases are percolating from the top surface.

Figure 3-24 presentation of triple phase boundaries within a Ni-YSZ electrode from 3D

reconstruction.
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3.3 CHAPTER SUMMARY

In this chapter, all the details of sample preparation were introduced. These include
conventional Ni-YSZ symmetrical cells, YSZ scaffold, Ni infiltrated YSZ scaffold symmetrical
cells, Ni infiltrated YSZ fibre scaffold symmetrical cells and 2D thin film Ni on YSZ cells. The
experimental conditions and operation procedures for material characterisation have also
been explained. These include EIS, SEM, E-SEM, FIB-SEM, EDX and nanoindentation. In
addition to these, the 3D reconstruction process has been introduced. These characterisation

techniques were used for all the materials analysis presented in later chapters.
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CHAPTER 4 CHARACTERISATION OF NI-YSZ ANODE DEGRADATION

UPON REDOX CYCLING

4.1 REDOX CYCL

Redox cycling was carrie

and diluted hydrogen (a

ING PROCEDURE

d out by sequentially exposing the cell to two different gas streams, air

mixture of 5 vol % H, and 95 vol % N), both humidified with 3% vol H;O,

with a flush of N, in between. The process was carried out at 800 °C within a quartz tube furnace.

For each redox cycle, the samples were kept in air for 1 hour, flushed for 10 minutes in N, and

then reduced in H, for approximately 5 hours, as schematically reproduced in Figure 4-1. This

procedure, already adop

ted by Shimura et al. &, rather than mimicking any specific accidental or

emergency situation, represents a benchmark scenario for reproducible redox cycling

measurements around the typical working condition of an SOFC.

4 As-Reduced
Sample (AR) 20 Redox Cycles
Sample (R20)
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Figure 4-1 Represe

Time
ntation of the redox cycling procedure. Impedance spectra were taken

during each reduction process as a function of time.
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4.2  ELECTROCHEMICAL DEGRADATION DURING AND AFTER REDOX CYCLING
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Figure 4-2 Impedance spectra recorded, within the frequency range 10° - 10! Hz, after 0, 5,
10, 15, 20 redox cycles at 800 °C, 2h after the introduction of wet 5 vol % Ha, AR represents
as-reduced, R5 represents 5 redox cycles, R10 represents 10 redox cycles and so on. The
inset shows the equivalent circuit used to fit the results. R1, Rz, R3 represent the high-
frequency intercept resistance, intermediate frequency resistance and low-frequency
resistance respectively; CPE;, CPEs represent constant phase element for the corresponding

frequency?®.

The electrochemical degradation of the cell was quantified by measuring the impedance upon

introduction of hydrogen during the redox cycles. Five selected redox cycles are presented in
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Figure 4-2: a minor change of ohmic resistance (R1), a significant increase in electrochemical
reaction polarisation resistance (Rz) and a relatively steady diffusion resistance (Rs) are
observed. This is consistent with work performed by Laurencin et al.’®. The inset shows an

example of fitting with the equivalent circuit, within frequency range of 10°-10 Hz.

A physically-based model was used to estimate the active TPB density from the evolution of
Rz, under the assumption that the electrochemical performance changes are directly linked
to the TPB density only>°. Figure 4-4 shows the TPB density estimated by the electrochemical
model for the as-reduced sample and after 5, 10, 15 and 20 redox cycles. These data points
are compared with the active TPB density evaluated from tomographic reconstruction at
selected points. Within any redox cycle, the model predicts a fast decrease in TPB density
within 2 hrs, followed by stabilisation. The Ni surface roughness and nanoparticles observed
using SEM (see next section) may contribute significantly to the TPB evolution. Although not
exhaustively proved yet, it could be proposed that, at an early stage, NiO-Ni deformation or
asymmetrical reduction processes lead to a rough surface® and generate a large number of
Ni nanoparticles'33. This surface roughness and the nanoparticles attached to the percolating
Ni and YSZ frameworks can lead to a significant increase in TPB density. However, these
features start to agglomerate with other Ni particles or form volatile Ni species!3*, resulting
in a subsequent rapid drop in TPB density. This rapid evolution of TPB density has also been
reported in nano-infiltrated anodes®13>, For the samples with more redox cycles, the initial
degradation tends to be slower, as Ni particles are comparatively bigger (see next section).
Overall, after stabilisation, the TPB density of samples shows a decreasing trend versus redox
cycle number. This may be caused by Ni agglomeration during the overall redox cycling

process.
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Figure 4-3 Resistances as a function of time during the reduction process of redox cycling as
from EIS fitting. The solid green line is a guide to the degradation trend. The cross marks

represent the time scale of the samples used for 3D tomography reconstruction.

The comparison of the active TPB density between FIB-SEM tomography and the model
prediction shows a good consistency for the AR, R5 and R10 samples, see Figure 4-4. For the
samples after 15 and 20 redox cycles, as the number of redox cycles increases, the difference
between the 3D tomography data and the electrochemical model values increases. This is
because the complex microstructural changes caused by redox cycling may not all be detected
by 3D tomography since Ni nanoparticles, nano surface roughness and cracks may be beyond
the resolution level, as shown in Figure 4-5 and extensively discussed by Bertei et al.®®.

Moreover, the electrochemical model attributes all the degradation to the decrease in TPB
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density, while cracks in the YSZ framework would reduce the effective ionic conductivity,
which is considered constant in the model. Thus, the discrepancy of values for R15 and R20
suggests that the YSZ cracks, generated during redox cycling, led to a decrease in the effective

ionic conductivity, not considered by the electrochemical model.
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Figure 4-4 Active TPB density vs time for different redox cycles as determined from 3D
tomography (symbols) and EIS modelling (line). The error bars refer to the uncertainty in
positioning the time scale of the reconstructed samples, due to the cooling time of the
samples. Note that, differently from other samples, sample R20 refers to the end of the

annealing time.
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4.3 MICROSTRUCTURAL CHARACTERISATION

The microstructural characterisation was carried out with both SEM image analysis and 3D
tomography reconstruction. Five different samples, with various numbers of redox cycles,
were tested. The approximate time scale of sample observation points is indicated in Figure
4-3 using black crosses. Figure 4-5 shows the SEM image of the Ni-YSZ electrode. In the as-
reduced sample (a), detachment between Ni and YSZ particles is observed, as a consequence
of Ni volume shrinkage after reduction. The bottom two images show the SEM top surfaces
of redox cycled samples. Ni particle agglomeration is observed, that could result in the
increase of pore size. More interestingly, a growing number of Ni nanoparticles appeared on
the Ni surface and at the boundary between Ni and YSZ. This is consistent with the Ni
microstructure change reported by Hanasaki et al.>?. The Ni nanoparticles located at the
boundary between Ni and YSZ can significantly extend the TPB length, which is consistent with
the increase in TPB density seen in the early stage of each reduction process as estimated by
the model from the analysis of EIS data (Figure 4-3 and Figure 4-4). In addition to this, cracks
are found between YSZ grain boundaries, especially after a large number of redox cycles (>10).
This could be due to the mechanical damage caused by Ni volume expansion during
reoxidation, since this type of crack does not appear in the as-reduced samples. By constantly
breaking the YSZ grain boundaries around Ni particles, the YSZ framework within the
electrode results in smaller isolated regions, thus losing its ionic transport path and
supporting function. This contributes to the steady increase in electrochemical reaction
polarisation resistance as well as to the decrease in the material hardness and elastic modulus

as discussed in the next section.
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Figure 4-5 a) Top-surface SEM images of an as-reduced Ni-YSZ electrode showing the

detachment between Ni and YSZ caused by Ni volume shrinkage after reduction, leading to
a relatively large space in between; b) Top-surface SEM images of Ni-YSZ electrodes after 5
redox cycles showing the crack along the YSZ grain boundaries, with an approximate gap of
10nm, and the Ni nanoparticles; c) Top-surface SEM images of Ni-YSZ electrodes after 10
redox cycles showing YSZ grain detachment from its framework and Ni surface roughness,

agglomerated nickel particles.
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Figure 4-6 representation of the 3D reconstructed microstructure of the as-reduced Ni-YSZ,
with Ni in transparent green, YSZ in transparent red and where the green line indicates the

active TPBs.

The microstructural characterization is complemented by 3D tomographic reconstruction.
The middle column of Figure 4-7 shows the cross-sectional images from FIB-SEM. The Ni
particle (light grey) agglomeration is confirmed here, as well as the trend of the YSZ structure
to be broken into smaller pieces, as discussed above. However, due to the limitation of FIB-
SEM image resolution, the Ni nanoparticles cannot be detected. This is because the average
voxel size of these FIB-SEM images is around 20 to 25 nm, which is about 2 to 5 times the
diameter of the Ni nanoparticles observed with SEM®. The presence of small nanoparticles
around the TPB may also cause errors in the microstructural tomographic quantification
because the colour of each pixel around the TPB is highly affected by the surrounding Ni

nanoparticles, which makes image segmentation harder in redox-cycled samples.

Table 4-1 Calculated microstructure parameters from the reconstructed 3D tomographic

datasets of anodes with different numbers of redox cycles.
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AR R5 R10 R15 R20

Porosity 0.442 0.516 0.537 0.534 0.571
Active TPB Density (um2) 4.63 4.90 4.40 2.08 1.06
Surface Area Per Total | Ni 7.90 7.05 5.97 6.42 5.08
Volume (um)

YSZ 3.65 4.22 3.00 3.82 3.04

Pore 6.19 6.39 5.91 7.54 6.36
Interface  Area Per | Ni-YSZ 2.68 2.44 1.53 1.35 0.88
Total Volume (um™)

Ni-Pore 5.22 461 444 5.07 4.20

YSZ-Pore 0.97 1.78 1.47 2.47 2.16

A tomographic microstructural reconstruction was carried out for each sample!'>13¢ The
original images were segmented into three different colours (Blue: Ni, green: YSZ, grey: pore
phase), as shown at the right-hand side of Figure 4-7. Figure 4-6 shows a representation of
the 3D reconstructed microstructure of the as-reduced Ni-YSZ, with Ni in transparent green,
YSZ in transparent red and where the green line indicates the active TPBs. The calculated
microstructural parameters are shown in Table 4-1. The anode porosity, initially similar to
that of anode-supporting layers'3138, increases with redox cycling, consistent with the
previously-reported result from Holzer et al.'*. In addition, the TPB density decreased as
redox cycles are repeated. The Ni surface area per volume decreased after the redox cycles,
which corroborates the increase in Ni particle size observed from SEM and FIB-SEM images.
The interfacial area between Ni and YSZ also decreased, suggesting that the detachment
caused by Ni volume shrinkage during reduction can be one reason for the decrease in

effective TPB density. Therefore, the quantitative 3D tomographic analysis confirms the
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trends detected with SEM analysis regarding Ni agglomeration, loss in TPB density and

cracking of the YSZ network upon redox cycling.

Figure 4-7 Left: SEM images of five redox cycled samples. Middle: FIB-milled cross-sectional

micrographs of Ni-YSZ anodes after different redox cycles. Light grey: Ni, dark grey: YSZ, and
black: pore. Right: the segmented images corresponding to the left side. Blue: Ni, green:

YSZ, grey: pore.
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4.4 MECHANICAL PROPERTIES CHANGE UPON REDOX CYCLING

The elastic modulus and hardness of each sample were measured using the nanoindentation
technique. The load-depth curve of redox-cycled samples are plotted in Figure 4-8- a. In this
experiment, the maximum indent load is 115 mN, producing a maximum indentation depth
of between 3.5-5.0 um. This indentation depth is kept to less than 20% of the electrode
thickness (25-30 um), so that the substrate effect on the measurement is negligible4°. Having
used a symmetric setup rather than an anode-supported configuration makes the electrode
constrained on one side by the stiffer YSZ substrate. Thus, the propagation of the mechanical
stresses, internally generated within the anode by redox cycling, affects mainly the anode
itself, without causing cracking of the YSZ electrolyte and subsequent stress relaxation.
Therefore, the symmetric setup enables focus on the intrinsic mechanical behaviour of the
porous anode alone, although the stiffness of the thick YSZ electrolyte may slightly amplify

the internal anode cracking when compared to an anode-supported configuration.

The clear shift in the load curves indicates that the samples with more redox cycles display
lower hardness, since the same loading force results in greater penetration depth. Since the
nanoindentation has a strong sensitivity to individual dislocation interactions, oscillations in
each loading curve were observed. This is caused by a complex combination of factors, such
as mechanical instabilities, development of dislocation networks, and incipient plasticity23.
The variance of these oscillations shows that the sample with more redox cycles has a steadier
loading curve. Probably, redox cycling promoted the fragmentation of the YSZ framework,
which simplified the disorder interactions between the Ni-YSZ composite and indenter, as

observed from both SEM and FIB-SEM.Figure 4-8-b & c show the nanoindentation results for
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elastic modulus and hardness of the electrodes as a function of the number of redox cycles.
The results show a clear decreasing trend in both the elastic modulus and hardness,
accompanied by a different standard deviation which reflects the combined effects of surface
roughness, densification and internal structure changes. With different indentation depths,
the generally larger scatter in the data might be related to the greater roughness of the films
when compared with the bulk samples. Nevertheless, for both the elastic modulus and the
hardness, the standard deviation first increases until 10 cycles and then decreases, indicating
that more reproducible data were collected after 20 redox cycles. The maximum in data
scattering around 10 cycles can be explained by considering the progressive fragmentation of
the microstructure in comparison with the indentation depth, which is 3-5 um. In the as-
reduced sample, the microstructure is macroscopically homogeneous, although Ni-dense and
YSZ-dense regions are present at the um scale as evident in Figure 4-5, causing a relatively
narrow standard deviation. As the number of redox cycles increases to 5 and 10 cycles, cracks
separate relatively big and stiff YSZ fragments from Ni regions (Figure 5), thus the
microstructure becomes more locally heterogeneous, as revealed by a larger standard
deviation in the mechanical properties. As the redox cycling proceeds (i.e., 15 and 20 cycles),
the microstructure is fragmented into pieces smaller than the indentation depth (5 um), so
that the mechanical properties appear to be more spatially homogeneous, resulting overall

in a lower standard deviation of mechanical properties (Figure 4-8).
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Figure 4-8 a) Load- depth curves for Ni-YSZ anodes after different numbers of redox cycles
as obtained from nanoindentation, the inset shows the area been indented on the as-
reduced sample ; b) Hardness vs. numbers of redox cycles for the tested Ni-YSZ anodes; c)

and Elastic modulus vs. numbers of redox cycles for the tested Ni-YSZ anodes. The standard

deviations are obtained statistically from over 200 measurements per sample.

Figure 4-9 shows the measured Ni-YSZ elastic modulus versus porosity compared with two
empirical fitting formulas. The black dashed line represents a linear fitting of porous Ni-YSZ
samples prepared by varying the porosity by changing the reduction temperature between
600 and 1000 °C as reported in the literature®’. The blue dashed line shows an exponential
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fitting of a porous tape cast Ni-YSZ electrode, sintered at 1400°C in air for 2 h, as reported by
Radovic et al.>> The dense elastic modulus values Ep and porosity constants b are listed in
Table 4-2. While the data points obtained in this study (red symbols) cannot be fitted by a
linear correlation, the exponential equation allows for a good fitting once the porosity
constant is increased to b* = 3.813 (see the red dashed line in Figure 8). This increase in
porosity constant could be related to differences in the measuring techniques and input
parameters as well as to the microstructural changes occurred during the redox cycling. In
fact, redox cycling does not increase the porosity only, but it also leads to the internal YSZ
framework break down, Ni agglomeration and change in pore shape, resulting in an elastic

modulus smaller than that expected for non-redox cycled electrodes.

Table 4-2 Linear and exponential correlations of elastic modulus vs porosity. Ep is the elastic
modulus of the fully dense material, b is a porosity constant and p is fractional porosity. b* is
the porosity constant fitted in this study, considering the microstructure damage caused by

redox cycling.

Eo(GPa) b
Linear E = Ey(1— bp) 205.93%7 1.756
Exponential E = Eyexp(—bp) 212.1% 3.16
Exponential E = Eyexp(—bp) 212.1 3.813*
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Figure 4-9 Elastic modulus vs porosity of reduced samples. The results of fitting using
exponential and free linear model are represented as blue and black lines, respectively,

while the red line corresponds to the exponential fit with a different porosity.

45 MICROSTRUCTURE ANALYSIS BASED ON SEM AND NANO-INDENTATION

RESPONSE

Understanding the redox cycling impact of conventional Ni-YSZ material by combining
microstructure evolution and mechanical response gives more insight into material
degradation. Figure 4-10 shows the top view image obtained from the Ni-YSZ electrodes after
10 redox cycles. Figure 4-10 b & c) present the proposed mechanism for the YSZ crack
generation process. Due to those nickel particles accommodated in the limited space

between the YSZ frameworks, the volume expansion, during oxidation process, leads to the
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cracks at YSZ grain boundaries. This YSZ framework cracking would be expected to result in a

decrease in both ionic conductivity and mechanical stability.

Figure 4-10 SEM top images of conventional Ni-YSZ anode after 10 redox cycles. a) The red

circles highlight the YSZ cracking after redox cycling, resulting in a loss in ionic conductivity;
b) and c) the high magnification images showing nickel expansion resulting in the YSZ

framework break down.

Nanoindentation is a material damaging test, which could lead to material deformation after
tests. Figure 4-12 shows the local material deformation of as-reduced Ni-YSZ before and after
nanoindentation. The nickel and YSZ show different deformation: the nickel surface, in
contact with the indenter, was pressed flat. However, the YSZ is a non-ductile material, which

has less ability to deform into different shapes. In this case, by constantly applying the load
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onto the electrode, the YSZ structure failed along the grain boundaries. This structure failure
process can be accurately recorded during nanoindentation, and is reflected as a consecutive
oscillation in the loading curve during measuring and the standard deviation of the bulk
material measurements results, as shown Figure 4-8. The standard deviation of measured Ni-
YSZ electrode mechanical properties presented in Figure 4-8 shows that the electrode, after
more redox cycles, has lower elasticity and hardness, as well as displaying a smaller standard

deviation in the measurements.

Figure 4-11 images of nanoindentation on the Ni-YSZ samples after 10 redox cycles. a)

shows the local region of the original sample from SEM image; b) shows local material

deformation after indentation.
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Figure 4-12 images of nanoindentation on the as-reduced Ni-YSZ. a) shows the indentations
from the SEM image; b & c) show the local material deformation before and after the

indentation respectively.

Figure 4-11 shows nanoindentation impact on the Ni-YSZ samples after 10 redox cycles. After
redox cycling, the nickel agglomeration led to a higher porosity and larger pore size, which
normally leads to lower material elastic modulus and hardness. At the same time, an
increasing number of YSZ fractures was also observed in both SEM and FIB-SEM images. These
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kinds of microstructure changes could lead to smaller oscillation of the nanoindentation

loading curve as well as the measurement results. A picture hypothesis has been proposed as

shown in Figure 4-13.

Indenter

As=réduced
sample

Indenter

Redox cycled
sample

Figure 4-13 Hypothesis establishing a relationship between the Ni-YSZ fracture and the

loading curve during nanoindentation.

With the aforementioned hypothesis, the redox cycling impact on the Ni-YSZ electrode
performance can be linked with not only to the mechanical properties but also the standard

deviation or material response during the measurement.
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4.6 CHAPTER SUMMARY

The electrochemical and mechanical deterioration of Ni-YSZ anodes after up to 20 redox
cycles was quantified by a combination of FIB-SEM tomography, impedance spectroscopy,

nanoindentation and modelling.

Upon redox cycling the hardness decreases from 0.4 GPa to 0.15 GPa and the elastic modulus
from 36.4 GPa to 20.2 GPa. This can be qualitatively associated to observations in the SEM:
fractures at the YSZ grain boundaries, Ni-YSZ detachment, continuous nickel agglomeration
and increasing porosity after each redox cycle, all of which seem to be irreversible. The effect
of porosity in the mechanical properties can be understood using an empirical elastic

modulus-porosity exponential relationship where only the porosity constant was re-fitted.

The electrochemical degradation was followed by impedance spectroscopy and a physically-
based model was used to infer the active TPB length from the temporal evolution of the
electrochemical reaction polarisation resistance, revealing a good match with TPB density
obtained through FIB-SEM tomography. In particular, the model fits very well the initial, 5
redox and 10 redox samples, with a less satisfactory fit for higher redox cycles, attributed to
the changes in the effective conductivity of the composite caused by YSZ fractures and nickel
agglomeration. It is also observed that the electrochemical reaction polarisation resistance
decreased temporarily by a factor ca. 2 upon each re-reduction, probably due to the transient
generation of Ni nanoparticles around the TPB coming from the volume shrinkage from NiO
to Ni. Although this causes a temporary decrease in electrochemical reaction polarisation

resistance, after each redox cycle the degradation rate is even faster due to the promoted Ni
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agglomeration. This results in an overall increase in electrochemical reaction polarisation
resistance by about an order of magnitude as a consequence of a reduction in active TPB
density (from 4.63 um= to 1.06 um2) and fragmentation of the YSZ network along its grain

boundaries due to Ni expansion upon oxidation.

This chapter shows that the microstructural changes during redox cycling are the primary
cause of Ni-YSZ material degradation in both electrochemical performance and mechanical
properties. The repeating Ni volume changes are the main cause of this degradation process,
damaging the YSZ framework and reducing the TPB density as a consequence of accelerated
Ni coarsening. The study further demonstrates that a comprehensive quantification of redox
cycling can be achieved by coupling 3D tomography, real-time impedance spectroscopy and

mechanical analysis.
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CHAPTER S QUANTITATIVE STUDY OF REDOX CYCLING IMPACT ON

MECHANICALLY IMPROVED NI INFILTRATED YSZ SCAFFOLDS

5.1 SINTERING TEMPERATURE STUDY FOR YSZ SCAFFOLD SELECTION

BASED MECHANICAL PROPERTIES AND POROSITY CHANGES

The YSZ-carbon black slurry tape casts were sintered at different temperatures for 2 hours.
Figure 5-1 shows SEM images of the top surfaces of these YSZ scaffolds. As expected, with
increasing sintering temperature, the YSZ grain size grew and the grain boundaries improved
the connectivity with neighbouring particles. In addition to that, higher sintering
temperatures also resulted in thinner films with less porosity. A higher porosity and proper
pore size are necessary for the YSZ scaffold, in order to maintain volume for later Ni infiltration
and gas diffusion4%142,

The hardness and elastic modulus, Figure 5-2, show an increasing trend with higher sintering
temperatures, potentially due to the stronger interconnection between YSZ grains and larger
grain size, along with the accompanying decrease in porosity?’. Nevertheless, for the high
sintering temperatures, the standard deviations of the measured YSZ scaffold mechanical
properties were much higher, attributed to the much coarser surface features after sintering
at higher temperature*3. By comparing with conventional Ni-YSZ thin films, the YSZ scaffolds
with the same sintering temperature shows a slightly higher porosity, lower elastic modulus
and greater hardness. This is because the YSZ scaffold, without Ni infiltration, has much higher
porosity then the Ni-YSZ film, and the higher elasticity of conventional Ni-YSZ electrodes

reflects their much larger Ni content.

116



Figure 5-1 SEM images of YSZ scaffolds after 2 hours of sintering at different temperatures.
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Figure 5-2 YSZ thickness (measured by SEM), porosity (based on the weight gain calculation),
elastic modulus and hardness of the YSZ scaffold as a function of sintering temperature, the
red points represented the measurement results of tape-cast conventional Ni-YSZ sintered

in 1200 °C.

It was proposed that the YSZ scaffolds could improve electrode stability during redox
cycling®?. There are several requirements that the electrode microstructure needs to exhibit,
including a mechanically strong YSZ framework that could prevent structural damage during
redox cycles, a stable and sufficient ionic conductivity; sufficient porosity to ensure good gas

diffusion, and a stable percolating Ni network for electronic transport and catalytic activity.
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Figure 5-1 shows that the YSZ scaffolds sintered below 1200 °C exhibit poor contact between

YSZ grains, resulting in a low ionic conductivity.

Considering the trade-off between the mechanical stability and porosity, the YSZ scaffolds
sintered at 1200 °C were used for further study, as they showed a porosity over 55%, fine
pore size below 400 nm and reasonable mechanical stability compared to the conventional

Ni-YSZ anode.

5.2 MATERIAL DEGRADATION UPON REDOX CYCLING

Ex-situ microstructural characterisation was carried out with SEM image analysis. Four
different samples, with various numbers of redox cycles, were tested. In-situ electrochemical

performance degradation of Ni infiltrated YSZ scaffold was studied with EIS.

5.2.1 Electrochemical degradation

The response from the impedance data were fitted with an equivalent circuit, shown in Figure
5-3. The ohmic resistance consisted of the sum of the electrolyte resistance and the anode
current collection!**. The electrolyte resistance varied with operational temperature, in this
case, the resistance from the electrolyte was around 5.3 Q; the anode contact resistance
could be the main contribution to an observed small ohmic resistance change during each
reduction process, which is related to the Ni microstructure change during this early reduction
stage. The diffusion resistance is generally constant, as it is attributed to losses by gas
conversion and gas diffusion. Finally, the electrochemical reaction polarisation resistance

shows, in general, a continuous increase after redox cycling. This is mostly considered to be
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related to charge transfer and the activation overpotential of the fuel oxidation process at the
active triple phase boundaries (aTPB). The increase in electrochemical reaction polarisation
resistance could be due to the loss of aTPB length, which is due to mechanical damage at the
electrochemical interfaces®®.

Table 5-1 Calculated microstructure parameters from the reconstructed 3D tomographic
datasets of Ni-YSZ scaffold with different numbers of redox cycles. The datasets of

conventional Ni-YSZ were taken from a previous study?.

As-reduced state After 15 redox cycles
Ni-YSZ Conventional Ni-YSZ Conventional
Scaffold Ni-YSZ Scaffold Ni-YSZ
aTPB Density (Mm™) 28.54 4.63 19.36 2.08
Porosity 0.42 0.442 0.44 0.534
Surface Area Per | Ni 3.23 7.90 2.98 6.42
Total Volume | YSZ 7.65 3.65 7.83 3.82
(Mm™) Pore 7.45 6.19 7.68 7.54

Figure 5-3b compares the stabilized electrochemical reaction polarisation resistances of the
Ni-YSZ scaffold and conventional Ni-YSZ after corresponding numbers of redox cycles. The Ni-
YSZ scaffold, with less Ni content (25wt%) and lower operation temperature (550°C), shows
smaller initial electrochemical reaction polarisation resistances and relatively slow
degradation compared to conventional Ni-YSZ, with 40wt% Ni, at 800°C. This good initial
electrochemical reaction polarisation resistances performance could be due to the fact that
the YSZ scaffold provides higher surface area and created a large aTPB length between the
infiltrated Ni particles. This was also tested using FIB-SEM tomography, as shown in Table 5-1.
During redox cycling, there were several factors considered to explain the slower degradation
of the Ni-YSZ scaffold compared to conventional Ni-YSZ material: firstly, the lower operating

temperature will result in an intrinsically slower degradation; secondly, the relatively stronger

120



YSZ scaffold provides stable ionic transport by preventing the YSZ framework from breaking
down, helping to maintain the aTPB, as shown in Figure 5-4; in addition, the lower nickel

volume in the scaffold will also provide less expansion hence less stress on the YSZ scaffold.
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Figure 5-3 Ohmic resistance, Electrochemical reaction polarisation resistance and Diffusion
resistance as a function of time during the reduction process (wet 5 vol % H3) of redox
cycling from EIS fitting for the Ni-YSZ scaffold, 550 °C; Comparison of stabilized
electrochemical reaction polarisation resistance between conventional Ni-YSZ and Ni-YSZ
scaffold, showing that the scaffold material has a good ability to work at lower
temperatures with higher performance than Ni-YSZ prepared by powder mixing and

sintering (conventional).
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Figure 5-4 visual model of the loss of aTPB by YSZ framework break down. After several
redox cycles, the Ni agglomeration accompanied by its volume expansion during oxidation
could damage the YSZ structure in conventional Ni-YSZ cermets, but because the YSZ
scaffold was stronger, it offers more resistance to mechanical damage from Ni redox volume

change.
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5.2.2 Microstructure changes

Figure 5-5 Top view of YSZ scaffold after Ni infiltration: a) As- prepared scaffold NiO-YSZ; b)

As-reduced scaffold Ni-YSZ; c) the Scaffold Ni-YSZ after 5 redox cycles; d) Scaffold Ni-YSZ

after 15 redox cycles

Figure 5-5 and Figure 5-6 show SEM and FIB-SEM images of the scaffold NiO/Ni-YSZ electrode
top and cross-sectional views. In the as-prepared sample, the NiO was uniformly distributed
both on the YSZ surface and inside the scaffold after 2 hours heat treatment at 550°C. For the
as-reduced sample, the NiO has fully reduced to Ni, forming percolated Ni network within the
YSZ framework. The detachment between Ni and YSZ scaffolds can also be observed from
both SEM and FIB-SEM cross-sectional images, which was caused by the Ni volume shrinkage

during the reduction process.
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Ni movement direction

Electrolyteside

Figure 5-6 Cross-sectional view of YSZ scaffold after Ni infiltration, near the YSZ substrate: a)
As- received scaffold NiO-YSZ; b) As-reduced scaffold Ni-YSZ; c) the Scaffold Ni-YSZ after 5
redox cycles; d) Scaffold Ni-YSZ after 15 redox cycles; e) FIB-SEM images shows the Ni

movement after 15 redox cycles, the brighter colour indicates Ni, grey is YSZ, black is pore.

A good contrast from FIB-SEM images shows Ni evenly distributed within the YSZ scaffold,
Figure 5-6e. For the samples after 5 redox cycles and 15 redox cycles, Ni agglomeration was

observed on the top view images and became significant after more redox cycles. Ni nano-
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particles were also observed after redox cycling, this could be caused by redox cycling coupled
with long-term operation. At the same time, Ni movement was observed from the FIB-SEM
images, by comparing the as-reduced sample with the one after 15 redox cycles, which is also
consistent with SEM observation. In conventional Ni-YSZ electrodes, YSZ framework break
down can be always observed in SEM images after redox cycling'®2. In contrast to this, there
is no observation of the YSZ scaffold framework breaking down, either from top or cross-
sectional images. This supports the view that the YSZ scaffold can better resist structural

damage from the Ni volume change during redox cycling.

5.2.3 Mechanical properties change on redox cycling and comparison with the

conventional Ni-YSZ anode
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Figure 5-7 Mechanical properties of Ni-YSZ anodes. The redox cycling degradation trend was

compared between conventional Ni-YSZ and Ni-YSZ scaffold.

The elastic modulus and hardness of bulk samples measured using nanoindentation are
shown in Figure 5-7 plotted against number of redox cycles. The green dot shows the YSZ

scaffold with around 45% of porosity, which is similar to the as-reduced Ni-YSZ made from
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conventional Ni-YSZ. But, the hardness of the YSZ scaffold was double that of the value of
conventional Ni-YSZ19297 as the YSZ is commonly agreed to be a hard material. Comparing
the as-reduced Ni-YSZ scaffold with the as-reduced conventional Ni-YSZ, the initial elastic
modulus in the former was tripled, and the hardness increased by a factor of eight. These
notable results can be due to the fact Ni infiltration filled the pores within the YSZ scaffold,
reducing electrode porosity. A decreasing trend against the number of redox cycles were
observed for both the elastic modulus and hardness of the Ni-YSZ scaffold, dropping 33% and
53% respectively, but this was still stronger than the conventional Ni-YSZ after a
corresponding numbers of redox cycles. As no YSZ scaffold damage was observed in the SEM
images, the drop of hardness and elastic modulus could be caused by Ni agglomeration and
increase in porosity (based on FIB-SEM 3D reconstruction measurement) due to extended

operation and redox cycling, as observed in last section of nickel migration.

5.3 CHAPTER SUMMARY

In this chapter, a stable YSZ scaffold has been fabricated by using 10 wt% of carbon black as
pore former with various sintering temperatures. It has been found from SEM images that
different sintering temperatures have a significant influence on YSZ grain size, grain boundary
connectivity and pore formation. At sinter temperatures below 1200 °C, YSZ tends to form
rather small grains, and poor YSZ grain connectivity important for ionic conductivity and
mechanical stability. In the samples sintered above 1200 °C, the YSZ grains were very well
connected, and grain size increased with sintering temperature, resulting in improved
mechanical properties as high as 136.5 GPa and 7.95 GPa for elastic modulus and hardness

respectively. But the high temperature also resulted in a loss in porosity and reduced pore
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size; this could lead to difficulty in Ni infiltration and gas phase diffusion. Considering both
mechanical stability and scaffold morphology, 1200 °C was selected as the best condition for

YSZ scaffold sintering.

The electrochemical and mechanical deterioration of the Ni-YSZ scaffold after up to 15 redox
cycles was quantified by a combination of SEM, impedance spectroscopy, nanoindentation
and FIB-SEM. It has been found that, after 15 redox cycles, the YSZ scaffold retained its
structure well, since improved mechanical properties prevent YSZ failure due to Ni volume
expansion during the redox cycling process. That is to say, this stable YSZ framework
effectively maintained a considerable number of aTPB, that otherwise could lose effective
ionic transport if there was YSZ framework damage. The infiltrated Ni-YSZ scaffold had a
better initial performance, with lower Ni content (25 wt%) and a lower operational
temperature, compared with conventional Ni-YSZ (40 wt%) sintered under the same
condition. For performance during redox cycling, the scaffold electrodes also show a slower

degradation than the conventional electrodes.

As in conventional Ni-YSZ anodes, agglomeration still cannot be prevented within Ni-YSZ
scaffolds, this is also the main problem for Ni-YSZ material degradation during redox cycling.
To further explore this, the wetting properties between Ni and YSZ will be presented in

Chapter 7.
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CHAPTER 6  CHARACTERIZATION OF THE NICKEL IMPREGNATED

YTTRIA-STABILIZED ZIRCONIA FIBRE SCAFFOLD ELECTRODES

The investigations of Ni-infiltrated YSZ scaffolds have shown promising results by reducing
the mechanical damage to the YSZ framework while maintaining ionic conductivity4>'4%, High
surface areas of YSZ scaffold and infiltrated Ni contribute to a significantly high TPB density
for electrochemical reactions. However, these nano-sized nickel particles lead to faster
degradation and dewetting from the scaffold surface'*®'4’, The nickel dewetting leads to
nickel vertical movement from inside to the electrode surface, and significant reduction of
TPB density4®12, In order to optimize the performance, durability, and cost of the electrode,

research is focused on tailoring the electrode microstructurel48149,

Due to its high control and reproducibility, the electrospinning method is widely used for
manufacturing well-controlled fibre structures of plastics, metals or ceramics®%*1, Many
studies focused on enhancing the performance of electrospun carbon nano-fibre
electrodes’®> >4, Nonetheless, its application in SOFCs is very scarce3#1>>156 |ee et al.
reported that GDC-based thin electrolytes and core/shell fibre structured BSCF-GDC cathodes
produced a high and stable performance at low temperatures®>’. They attributed the stability
of the cathodes to the fibrous structure that provides both mechanical support and excellent
interconnectivity for electron and oxygen ion transport. Castkova et al. studied®® the
fabrication methodology for electrospinning 8 mol% yttria-doped zirconia fibres but have not

demonstrated the use of the fabricated electrospun fibres in an SOFC application.
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6.1 MICROSTRUCTURE CHARACTERIZATION

The microstructure of the Ni-YSZ fibre scaffold was observed by SEM and reconstructive FIB-
SEM. Two different magnifications were used for 3D reconstruction — the high magnification
images (11.8 nm/ pixel) were used for observing nickel nano particle distribution and
agglomeration, and the low magnification (22.1 nm/ pixel) images were used for quantitative
analysis, including total TPB, active TPB, interfacial areas, particles size, and particle

distribution.

6.1.1 As-prepared NiO-YSZ Fibre Scaffold

Figure 6-1 shows the microstructure of the as-received NiO-YSZ fibre scaffold after 12
infiltration steps and high-temperature decomposition from nickel nitrate. This highly porous
YSZ structure allows nickel nitrate to cover both the fibre and scaffold layers. The NiO shows
adequate wetting behaviour between the fibre structures, as shown in the SEM and FIB-SEM
images. As a result of this behaviour, the nano-NiO particles are evenly distributed upon the
YSZ surface, which provides a good foundation for future nickel reduction. The tomography
images show a large number of highly porous nanoparticles surrounding and covering the YSZ
structures. Due to the resolution limitation, the smallest particles could not be well presented

in the 3D reconstructed images, which instead show a layer of NiO covering the fibre.
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Figure 6-1 the microstructural images for as-received NiO-YSZ Fibre Scaffold, after 12

infiltrations and decomposition from Ni(NOs),. a) FIB-SEM tomography image and 3D

reconstructed structure, blue is NiO and yellow YSZ; b) 3D reconstructed images show
transparent NiO covering YSZ structure. C) SEM images of NiO-YSZ fibre scaffold top view,

shows NiO nanoparticles covering the YSZ fibre and filling the pores.

6.1.2 As-reduced Ni-YSZ Fibre Scaffold

Figure 6-2 shows the microstructural analysis of the as-reduced Ni-YSZ fibre scaffold. A single
YSZ fibre attached to a base YSZ scaffold was observed with a high magnification 3D
reconstructed microstructure. Due to the high sintering temperature, multiple areas of
contact were formed between the YSZ fibre and the scaffold providing adequate ionic and

electronic transport pathways in the fibre layer.
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Fibre layer Scaffold layer electrolyte

Figure 6-2 the microstructure for the as-reduced Ni-YSZ fibre scaffold: a) the electrode top
surface with a single fibre, where the light blue represents nickel particles and yellow
represents the YSZ structure. b) Bulk analysis for Ni particle size, presented with a colour
code, and the active triple phase boundaries are highlighted with a green line, and YSZ in
transparent yellow (due the image resolution limitation, particles below 50 nm could not be
presented); c) SEM images for as-reduced Ni-YSZ fibre scaffold top view and cross-sectional

view, with indication of the 3D-reconstruction region for all samples.
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Due to the different nature of the pore formation mechanism, the YSZ structure showed
higher porosity at the top surface (i.e., in the fibre layer), and lower at the inside (i.e. in the
scaffold layer). The high porosity from the fibre layer allows for efficient fuel diffusion into
the scaffold layer. The nickel nanoparticles are evenly distributed within the scaffold as well
on the fibre layer with uniform particle size. The high surface area between nano-sized
particles and the scaffold gives rise to a significantly high TPB density of 63.8 um 2 based on
large volume bulk 3D reconstruction. With the significantly large pore size and high porosity
of fibre layer, Figure 6-2, due to lack of contact surface, the nickel particles could not move

further from the fibre-scaffold interface, as seen in Figure 6-3 and Figure 6-4.

6.1.3 Aged Ni-YSZ Fibre Scaffold

The same microstructural analysis has also been applied to the 3000 min aged and redox
cycled Ni-YSZ fibre scaffold cells, as shown in Figure 6-3 and Figure 6-4 respectively. The YSZ
fibre scaffold structure remained mostly intact after 3000 min of operation, as observed in
both 3D structure and SEM images. Nickel agglomeration during ageing is only based on nickel
solid-state dewetting from the YSZ substrate at an intermediate temperature. Based on this
observation, it seems that the percolated nickel particle movement was limited to the fibre-
scaffold interface. The agglomeration of the Ni particles, located on the fibre, is prevented by
restricting the nickel movement along the fibre geometric structure. This compares
favourable to conventional Ni-YSZ scaffolds after a long period of operation, where the nickel
particles normally migrate to the electrolyte top surface and show the formation of isolated
large particles®®1>°, By using this highly porous YSZ fibre membrane, the agglomerated nickel

particles create new TPBs with the connected YSZ fibre at the fibre-scaffold interface. This
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stable microstructure leads to the sustained electrochemical performance of the cell during
the isothermal ageing, compared with the Ni infiltrated ScSZ scaffold in the literature, as

shown in Figure 6-3.

Figure 6-3 the microstructure of the aged Ni-YSZ fibre scaffold, 3000 min, 600 °C: a) the

electrode top surface, the grey represents nickel particles and yellow represents YSZ
structure. b) bulk analysis for Ni particle size are presented with colour code and the active
triple phase boundaries are highlighted in blue, and the YSZ in transparent yellow ¢) SEM

images for Ni-YSZ fibre scaffold top view.
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6.1.4 Redox cycled Ni-YSZ Fibre Scaffold

Figure 6-4 the microstructure of the Ni-YSZ fibre scaffold after 20 redox cycles at 600 °C: a)

bulk analysis for Ni particle size are presented with colour code and the active triple phase
boundaries are highlighted in blue, and the YSZ in transparent yellow; b) FIB-SEM cross-
sectional images of the samples, showing nickel agglomeration and internal pore after 20

redox cycles; c) SEM images of the sample top surface.

The fibre-scaffold sample after 20 redox cycles shows similar structure degradation as
isothermally aged samples. The double layer YSZ structure maintains a stability after 20 redox
cycles. This is due to improvement in the mechanical properties of the scaffold layer,

protecting the YSZ framework damage from the volume expansion of the nickel oxidation
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process'?®, The nickel particles behave differently from that seen during isothermal ageing.
The nickel agglomeration behaviour has been observed by FIB-SEM 3D reconstruction.
However, during this time, a significant amount of internal pores were generated within these
nickel particles, Figure 6-4b. The formation of a nickel inter-porous structure after redox
cycling is due to imbalanced mass transport between outward Ni diffusion and inward oxygen

diffusion in oxidizing Ni grains at relatively low temperature®0-163,

6.2 ELECTROCHEMICAL PERFORMANCE

The electrochemical degradation of the cell was quantified by measuring the impedance upon
the introduction of fuel gas. The symmetrical cell was operated at 600 °C in humidified (3%
H,0) diluted hydrogen (5% Hz, 95% N3). The Ni-YSZ conventional electrode is traditionally
operated at around 800 °C while the infiltrated structure significantly reduced the operational
temperature to around 600 °C by introducing a large YSZ surface area, and a large number of

TPBs per unit area.

Figure 6-5 presents the specific area resistances extracted from the fitting. As shown in Figure
6-5b, the area-specific ohmic resistance (ASR) is 2.8 Qcm?, which is mainly determined by the
YSZ electrolyte resistance and current collectors. Due to the high porosity of the YSZ fibre
layer and its horizontal orientation, this gives a flexible spring-like contact between the
electrode and current collector. The ohmic resistance can be kept at a relatively stable level
during a relatively long-term operation and redox cycling. This indicates that nickel
percolation has been maintained within the fibre-scaffold structure. The polarization

resistance represents the cell electrochemical performance, which is directly linked with the
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active TPB density of the cell. Normally, a lower resistance corresponds to higher performance
and higher active TPB density. This Ni-YSZ fibre scaffold shows high electrochemical
performance at 600 °C, with the polarization resistance stabilising at 0.75 Qcm? for the
isothermal ageing process comparing with Ni infiltrated ScSZ operated in 650 °C >, The Ni-YSZ
fibre scaffold electrode reaches a stable value after 200 min and then stayed relatively
constant until the end of the experiment at 3000 min. Similar isothermal experiments have
also been examined on other scaffold materials, such as Ni infiltrated ScSZ, which is
considered to be a more promising cermet compared to its YSZ analogue. Chen®® reported
that at 650 °C, Ni infiltrated ScSZ becomes stable around 8 Qcm? after 3000 min operation
and 1.4 Qcm? for 800 °C. During the redox cycling process, a polarization resistance
improvement has been observed, which is due to the nano-roughness change directly after
the nickel reduction process®. Encouragingly, the Ni-YSZ fibre-scaffold maintained a stable
performance even after 20 redox cycles. This is attributed to the positive effect of the fibre
layer on the overall cell stability during nickel agglomeration and particle movement. As
reported in Chapter 4, the commercial Ni-YSZ symmetrical cell operated at 800 °C with an
initial polarization resistance at 1.04 Qcm? which increased to 23 Qcm? after 20 redox cycles.
The regular fluctuation in diffusion resistance, as observed in Figure 6-5b, was established to
be due to the lab room temperature changing from day to night. The slightly different
temperature leads to a different inlet gas temperature and therefore different water partial
pressure, though the polarization resistance stayed stable during this temperature fluctuation
and water partial pressure change, which normally strongly depends on water partial

pressure for conventional cells.
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Figure 6-5 a) The specific area resistances for 20 redox cycles of the Ni-YSZ fibre scaffold
symmetrical cell operated at 600 °C in diluted wet hydrogen (5% H2, 95% N); b) the specific
area resistances for in-situ isothermal annealing of the Ni-YSZ fibre scaffold symmetrical cell
operated at 600 °C in diluted wet hydrogen (5% H2, 95% N); c) Comparison of the stabilized
electrochemical reaction polarisation resistance between conventional Ni-YSZ!%? and Ni-YSZ

scaffold'*® and Ni-YSZ Fibre-Scaffold, measured at 800 °C, 550 °C and 600 °C, respectively.

Figure 6-5c compares the stabilized electrochemical reaction polarisation resistances of the

Ni-YSZ fibre-Scaffold, Ni-YSZ scaffold and conventional Ni-YSZ after corresponding numbers
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of redox cycles. The scaffold structure shows a significant advantage in redox stability
compared to the conventional structure. This can be because the lower operating
temperature and relatively stronger YSZ scaffold provides more stable ionic transport during
redox cycles (without fracture, disconnect, etc). The Ni-YSZ Fibre-Scaffold and Ni-YSZ scaffold
contain similar Ni contents (25 wt%) and lower operation temperature (600 °C, 550 °C), show
smaller initial electrochemical reaction polarisation resistances and similarly slow
degradation at their intermediate temperature. The similar electrochemical reaction
polarisation resistance between the two samples suggests that the scaffold layer may play an
important role in to the electrochemical performance of the Ni-YSZ Fibre-Scaffold. The Ni-YSZ
scaffold became unstable after 8 redox cycles, while the fibre-scaffold electrode kept stability
even after 20 redox cycles. This stability is considered to be contributed by the additional fibre

layer, which maintained aTPB during nickel agglomeration, as described in Figure 6-8.

6.2 QUANTITATIVE ANALYSIS

Table 6-1 Calculated microstructure parameters from the reconstructed 3D tomographic

datasets of Ni-YSZ Fibre Scaffold before and after isothermal annealing.

Ni-YSZ Fibre-Scaffold
Sample State As-reduced | Aged (3000 min) 20 Redox
Cycles
Total TPB Density (um 2) 63.6 57.52 40.86
Active TPB Density (um ) 51.9 50.37 29.71
Active TPB Ratio 0.81 0.88 0.73
Interface area per | Ni-YSZ 4.47 4.21 4.15
Total Volume (um ™) | Ni-Pore 0.92 1.09 1.04
YSZ-Pore 4.95 5.12 5.84
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The quantitative analysis results of the 3D microstructure are shown in Table 6-1. The TPB
densities and interfacial areas are calculated based on 3D tomography results. Both total TPB
density and active TPB density decreased after the ageing and redox cycling. This is consistent
with the observed electrochemical performance changes based on EIS measurements, where
the polarization resistance of the isothermal ageing sample increased from 0.344 Qcm? to
0.875 Qcm? and the polarization resistance of the redox cycling sample increased from 0.375
Qcm?to 1.768 Qcm? as reported in the later section. The TPB percolation ratio (ratio between
active percolated TPBs and the total number of TPBs) also decreased from 0.81 to 0.73 for
the redox cycled sample. This is due to the nickel de-wetting process being accelerated by the
volume change during redox cycling®®. The interfacial area between Niand YSZ only decreased
slightly, suggesting that the ionic and electron transport were stabilized during isothermal
ageing and redox cycling. This may be one reason to account for the relatively stable
electrochemical performance. During the degradation process, more YSZ was exposed to the
pore phase due to the nickel dewetting, as observed by an increase in the calculated YSZ-Pore
interface area from 4.95 um™ to 5.84 um™. Therefore, the quantitative 3D tomographic
analysis confirms the trends detected with SEM analysis regarding Ni agglomeration and loss

in total TPB density upon ageing and redox cycling.

The quantitative bulk microstructure evolution between as-reduced, aged and redox cycled
samples has been presented in Figure 6-6. The particle size and particle neck size distribution
have been presented by using equivalent volume spherical diameters. The nickel particles
showed a significant change from an as-reduced sample to a degraded sample. For the as-
reduced sample, more than 70% of nickel particles were below 100 nm in diameter, with the
largest particle size at around 250 nm. After redox cycling, the formation of inter-porous
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nickel led to a much larger particle size when compared with the aged sample. The YSZ
structure is considered as the supporting framework of the electrode. The YSZ particle size is
similar before and after ageing and redox cycling process. This stability gives a consistent ionic
conductivity. The pore size distribution is essential to fuel gas diffusion. In the as-reduced
sample, the majority of pores are below 100 nm. This is due to even distribution of the Ni on
the YSZ surface after the initial reduction. After ageing and redox cycling, the number pores

below 100 nm decreased.
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Figure 6-6 Microstructure comparison between as-reduced Ni-YSZ fibre scaffold and aged
Ni-YSZ fibre scaffold. a) Ni particle size distribution, Ni neck size distribution and Ni particle
distribution from the electrolyte to top surface. b) YSZ particle size distribution, YSZ neck
size distribution. c) Pore size distribution, Ni neck size distribution and pore Ni particle

distribution from the electrolyte to top surface. d) Active TPB distribution.
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6.3 MECHANICAL PROPERTIES CHARACTERISATION
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Figure 6-7 the mechanical properties of YSZ fibre layer from the electrode surface, 20
measurements were obtained for each condition. a) The nanoindentation measurement
results based on a constant loading force. The elastic modulus and hardness have been
compared with the conventional Ni-YSZ electrode and Ni-YSZ scaffold electrode; b) the

nanoindentation measurement results based on the maximum loading depth.

The elastic modulus and hardness of the Ni-YSZ fibre scaffold top layer have been measured
by using nanoindentation. These results have been used to compare with conventional Ni-YSZ

and scaffold Ni-YSZ electrodes measured by the same technique.
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Figure 6-7a) shows the hardness and elastic modulus measured by constant loading force,
200 mN, 300 mN and 400 mN. Both hardness and elastic modulus show stable properties at
higher loading force, which is considered to be affected by the scaffold layer, as higher loading
force could lead to a greater depth. The measurement results from 200 mN show fluctuating
mechanical properties. This is considered to be mainly contributed by the fibre layer, the
inhomogeneous fibre and pore distribution leading to the difference in local mechanical
properties. Because the fibre layer has a thickness of around 5-8 um, an indention with
controlled depth was performed on the sample top surface. The obtained results are

consistent with those results measured from the 200 mN test.

6.4 MICROSTRUCTURE EXPLANATION FOR MATERIAL STABILITY
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Figure 6-8 sketches coupled with SEM images explaining the nickel control mechanism

difference between the Ni-YSZ scaffold and Fibre-Scaffold.

Figure 6-8a shows SEM images and a conceptual sketch of the as-reduced nickel infiltrated
YSZ scaffold electrode, where nickel nanoparticles are evenly distributed on the surface of the
scaffold structure and generate large numbers of TPBs. Figure 6-8b shown the degraded
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scaffold electrode, where nickel moved to the electrode top surface and formed large nickel
particles, which led to a TPB reduction. However, by adding an additional highly porous YSZ
fibre layer, those large nickel particles reconnect with the fibre and form a new aTPB. Due to
the large pore size and limited nickel-fibre contact within this fibre layer, further nickel
migration was restricted, as there was no observation of nickel particles on top of the fibre

layer.

6.5 CHAPTER SUMMARY

In this chapter, a fibre microstructure has been used for solid oxide fuel cell anode structure
design to enhance the stability of scaffold structures. Several advantages have been identified,

including:

1. The significant porosity difference between the scaffold and fibre layers appeared to
maintain nickel particles at the interfacial layer. Simultaneously, the highly porous
fibre layer allowed sufficient fuel flow from the surrounding atmosphere. This
contributes to more stable electrochemical performance compared to current
conventional nickel infiltrated scaffold materials.

2. The horizontal single direction YSZ fibre structures effectively limit the nickel
agglomeration pathway within the fibre layer. This may help stabilise the
electrochemical performance with time.

3. The highly porous fibre layer, on top of the scaffold, provides a flexible contact with
the current collector. This application improved the ohmic resistance stability in

impedance measurements in the experiments. Furthermore, in SOFC stacks, the
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flexibility of the fibre layer could potentially minimize both material redox cycling and
thermal expansion impact on the structural damage.

4. Under the compliant fibre layer, the mechanically strong scaffold layer provides not
only an extremely high surface area for the electrochemical reaction but also a stable
structure to resist redox damage.

5. The high electrochemical performance at the low temperature is mainly contributed
by the scaffold layer of the electrode. This low operational temperature enables

slower cell degradation during both isothermal ageing and redox cycling processes.

This work is a novel concept for the anode electrode structure design. There are still some
improvements that can be implemented such as controlling single fibre diameter, modifying

YSZ suspension concentration and sintering temperature.
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CHAPTER 7 STUDY OF NI DEWETTING AND PORE FORMATION FROM

THE 2D NI-YSZ ELECTRODE

7.1 BACKGROUND OF NI DEWETTING

Dewetting describes the transformation of a thin film into an energetically favoured set of
droplets or particles. Solid-state dewetting occurs at temperatures well below the melting
temperature of the bulk material’®. As described in previous chapters and literature, a wide
range of experimental evidence has proven that Ni dewetting can accelerate electrochemical
performance degradation, by damaging the cermet microstructure and reducing the active
triple phase boundary length!9%1¢4 The investigation of Ni dewetting is also driven by the
increasing interest in nanostructured infiltrated electrodes®”7°, whose initial performance
before Ni dewetting makes this technology very promising for intermediate and low-
temperature operation®’-%°, In addition to this, it also has been observed that isolated nickel
particles have appeared outside the electrode region after long term redox cycling operation
at high temperature, as shown in Figure 7-1, which may be formed by nickel evaporation-
condensation at high temperature in humidified atmospheres. However, due to the large
dimensional disparity between nickel nanoparticles and the complicated YSZ structure, the

dewetting mechanism itself remains challenging to investigate in the electrode.
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Figure 7-1 a)the conventional Ni-YSZ observed before and after 10 redox cycling; b) The SEM

image shows the grey region (from a)) in high magnification.

In this chapter a 2D Ni-YSZ electrode, consisting of a 40 nm Ni film sputtered on a YSZ
substrate, was designed to study the in-situ anode degradation affected by Ni dewetting and
de-percolation, without any influence from other geometric factors. This dimensional
reduction significantly simplifies the experimental setup for an in-situ environmental
observation of nickel behaviour at high temperature and under a controlled gas
atmosphere’®16>166 3llowing for more robust and representative analysis compared to
interrupted annealing’®67:168 The investigation uses a wide range of techniques, including in-
situ environmental scanning electron microscopy (E-SEM), electrochemical impedance

spectroscopy (EIS), focused ion beam-scanning electron microscopy (FIB-SEM) and atomic
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force microscopy (AFM). These experimental techniques are complemented by simulations
of the Ni film evolution, electrochemical models and advanced tools for image analysis. For
the first time, a thorough investigation is performed to quantify the nature of morphological
changes of Ni thin films and their electrochemical performance, highlighting the capability of

predicting this important aspect of SOFC anode degradation.

7.2 PRE-EXPERIMENT
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Figure 7-2 a) Map of the YSZ surface as measured by AFM before Ni deposition. b) Depth of
the YSZ grain boundary measured along the line shown in a). A fictitious nickel layer of 40

nm is also illustrated in b).

The depth of the grain boundaries of the YSZ substrate was mapped in advance of the
experiment using AFM, Figure 7-2. The characteristic grain boundary depth ranges between
30nm and 50nm. Due to the small and uniform thickness (~40 nm) of the nickel film, the
morphology of the nickel film reflects the surface features of the YSZ substrate. The grain
boundary grooves on the YSZ substrate are clearly observed on the Ni layer. The morphology

of nickel film in the initial stage (Figure 7-5 a) shows clearly the grain boundary grooves on
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zirconia substrate. This is because the grain boundary groove depth on YSZ is comparable to

the film thickness (which is only 40 nm).
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Figure 7-3 XRD of as-prepared and aged 100 nm Ni thin film on YSZ substrate. The indicated

peak is from Ni, all the rest are YSZ.

Ni deposition was carried out at room temperature so the nickel film is very likely in an
amorphous state, which was further confirmed by using XRD, as shown in Figure 7-3. In order
to perform the morphology study by XRD, a thicker nickel film (100 nm) has been used. It has
been found that the nickel nanoparticles lay on the YSZ substrate layer by layer. The residual
diffraction contrast causes the grains to show a bright contrast’®. When the temperature is
raised above 450 °C, the self-diffusion of Ni atoms in the Ni layer is activated and nickel atoms
start to become mobile. This leads to crystallization of the nickel layer as reported in Figure
7-4. Crystallization is accompanied by a volume shrinkage, which can lead to a tensile stress

in the film. In the experiments, it was found that cracking occurs first in grooves and valleys
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(see Figure 7-5a). This is because of the stress concentration that magnifies tensile stress and

the maximum stress concentration factor appears at the most concave surface locations®°.

Figure 7-4 the images sequence of the change in charging effect observed from E-SEM

during heating up, the bright colour indicates those nickel particles in an amorphous state,
and the darker region indicates the nickel crystallization process is finished, where

amorphous nickel nanoparticles become the thin layer.

7.3  SURFACE MORPHOLOGY EVOLUTION

7.3.1 High magnification images: morphology of Ni dewetting

The local morphology of the nickel layer was scrutinized at higher magnification (x 10, 000),
as shown in Figure 7-5. The nickel thin film geometric transformation progress was recorded
at two different temperatures (560 °C and 600 °C). The film appeared to be separated along
the YSZ grain boundary, which could be a result of shrinkage of the coherent film at some

stage before the temperature reached the highest point.
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Figure 7-5 experimental results of zirconia supported nickel film top surface morphology at
560 °C and 600 °C in the controlled gas mixture. Light blue represents the nickel particle
boundaries at the initial time and the background SEM image is the real morphology at the

ending time, as indicated under each image.

The dewetting of the nickel film is apparently sensitive to the pre-existing defects along the
YSZ grain boundaries. Figure 7-5b clearly shows that dewetting preferentially starts from a
YSZ grain boundary: the film retracts from the YSZ boundary and multiple pores are formed
along the grain boundary lines. This stage involves the generation of pores, the formation of
TPBs and an increase in TPB length. The nickel particles are well percolated and all TPBs
contribute to the electrochemical reaction. The nucleation and growth of the pores on flat
and coherent film area take place at a much later stage (as shown in Figure 7-5c). During
dewetting, some of nickel particles gradually became isolated from the large clusters. As a
result of this, the overall connectivity of the film decreased with time. Once small particles

become isolated, their size and shape become very stable. The surface energy minimization
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process leads to the reduction of surface roughness. The coupled observations from Figure 7-
5, Figure 7-6 and Figure 7-9 help understanding of the nickel behaviour under such a
controlled environment. In contrast the microstructure of the large clusters continued to

evolve.

7.3.2 Low magnification images: General behaviour of the Ni layer migration

The low magnification (x 5,000) images were segmented and used for quantitative analyses
of parameters that are characteristic of the general features of the Ni layer dewetting. These
parameters are total TPB density, nickel surface coverage ratio and nickel percolation ratio.
As shown in Figure 7-6, a higher operating temperature could lead to faster nickel evolution.
This is due to thermal activation that leads to an increase in the atomic mobility. The increase
in total TPB density that was observed at the initial stage was associated with the nickel thin
film dewetting process, leading to pore generation and to a significant nickel coverage
reduction. After 110 min and 25 min for 560 °C and 600 °C respectively, the total TPB density
from both experiments reached a relatively stable level around 5.5 pm™. This indicates the
start of the nickel agglomeration stage (i.e., stage d in Figure 7-5). During this time, isolated
nickel islands are formed and the gradual agglomeration leads to a reduction in surface

coverage ratio and nickel surface roughness.

At the nickel coverage point of 0.63, the thin film has a significant de-percolation rate, where
the intermediate phase between dewetting and agglomeration has been reached. It has been
also found that under the different temperatures, the nickel area coverage ratio stabilized at

c. 0.49. This may indicate that nickel particles can reach a stable state even below 600 °C,

152



which is characterized by a particle thickness of ~80nm, assuming that the volume of Ni

remains constant during the dewetting process.

T
Total TPB Density

_|——Ni Coverage Ratio
t=—— Ni Percolation Ratio 1

Total TPB Density (um™) &

T T T T T T
—— Total TPB Density ]
—— Ni Coverage Ratio
——Ni Percolation Ratio|

T
1] 50 100

Time (Min)

;—G—
€
2
_1 .347
c
4]
- a
m
12 a
o =2
s
]
|_
0
0 .

opey

10

T
15

T
20 25 30 35

Time (Min)

Ni Coverage Ratio

IS @
L L

Total TPB Density (um’)

)

00

0 Elp 1|[I 1‘5 Z‘U 2‘5 3:] 3‘5 4‘0 45
Scale Time (Min)

T T T T T T T
10 15 20 25 30 35 40 45

Scale Time (Min)

)

R e e M
10 15 20 25 30 35 40 45
Scale Time (Min)

Figure 7-6 TPB density, Ni area coverage ratio and Ni percolation ratio data based on

segmented images. a) Data obtained from HT-ESEM image series recorded at T=560 °C. b)

Data obtained from HT-ESEM image series recorded at T=600°C. c) Superposition of data at

T=560 °C (blue lines) and T=600 °C (red lines) after scaling the time of the data at T=560 °C

according to the ratio of times corresponding to a coverage fraction of 0.63. The vertical

dashed lines indicate the start of the agglomeration stage.

Figure 7-6¢ shows the superposition of the nickel coverage ratio, Ni percolation ratio and total

TPB density of the two datasets after scaling the time of data at 560 °C by a factor equal to

the ratio of times corresponding to a coverage fraction of 0.63. Figure 7-6¢c shows that all the

relevant microstructural properties are successfully rescaled with sufficient precision. This
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indicates that the dewetting and agglomeration phenomena proceed according to the same

mechanisms irrespective of temperature within the temperature range 560-600 °C 7°.

The calculated time scaling factor used in Figure 7-6¢ is equal to 3.91, which is comparing the
time spent of the changing in coverage ratio, this means that the rate of dewetting and
agglomeration becomes roughly four times faster from T = 560 °C to T = 600 °C. Assuming
thermal activation of the kinetics of the Ni dewetting phenomena, the time scaling factor
enables estimation of the activation energy of the characteristic rate of the dewetting
mechanism’®, equal to 0.71 eV for a 40 nm Ni film on YSZ. This value is lower than the
activation energies of the characteristic dewetting rate reported by Niekiel et al.”®, equal to

1.04 eV and 1.42 eV for 15 nm and 22 nm Au films on silicon nitride substrate, respectively.

7.4 ACTIVE TPB ESTIMATION

The TPB densities of the E-SEM images were calculated from the segmented data using an in-
house code which treated the edges of the square pixels as the interface between the nickel
and YSZ. Special care was given to the evaluation of the aTPB density, which is the TPB
belonging to Ni clusters connected to the Pt mesh current collector used in impedance
measurements. Since the opening of the Pt mesh current collector (¥~300 um x 300 um) was
significantly larger than the area imaged by FEG-ESEM, Ni percolation and aTPB assessed on
the imaged area had to be scaled up to the open area of the Pt mesh, which is representative
of the entire electrode area. Two different approaches were used: a wire-based model and a

lattice-based model.
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7.4.1 Lattice model for TPB estimation

This model was fully developed by Dr. Antonio Bertei.
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Figure 7-7 Lattice-based model. a) A random realisation of a square lattice, with clusters of
percolated green pixels connected to the external boundaries and isolated red pixels. In this
presented case: d = 20, ¢ = 0.5, d = 200/26 ~ 7.69, 7 = 159/200 = 0.795. b)
Percolation fraction ¥ as a function of coverage fraction (f) for different side lengths d. c)
Normalised mean cluster area d/d? as a function of coverage fraction ¢ for different side
lengths d.

This lattice-based model is used to scale up the aTPB from the imaged area to the electrode
area, which combined random lattice simulations with the scaling laws of percolation theory
in finite domains!’°. A C++ program was developed to randomly fill in square lattices, as shows

in Figure 7-7. In these simulations the black pixels represented the Ni phase and the white
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pixels are the uncovered YSZ phase. The percolation ratio (¥) is represents the ratio of black
pixels are connected to the blue boundaries and the mean cluster area (@) of the black phase
were evaluated over 1000 random realisations for different values of coverage ratio (¢) and

side length (d), as reported in Figure 7-7.

The equivalence between random lattices and imaged areas was performed by using
segmented images with side length d obtained from E-SEM, the Ni coverage fraction ¢, the
mean Ni cluster area a and the Ni percolation fraction y with external boundaries were
evaluated by image analysis. According to Figure 7-7c, the length dl was determined by ¢and
a/d? of the segmented images, based on the equivalent random lattice having 431 = ¢ and
(d/dz)1 = (a/d?). This allows for the evaluation of the percolation fraction #; of such an
equivalent lattice according to Figure 7-7b. Then, the ratio § = d,;,/d between the side length
of the Pt mesh opening (dm = 300 pm) and the E-SEM image side length (d) was used to scale
up the equivalent random lattice to the side length d, = & - d;, for which the percolation
fraction 77, is obtained. Finally, the aTPB density referred to the entire electrode area was

evaluated as:

Ltpp

l |§2

ParPB =V Equation 11

Aimage 71

that is, by scaling up the percolating TPB density per unit of imaged area (y Lrpg/Aimage) for
the ratio of Ni percolation fractions in the equivalent random lattices (¥,/71). Notably, this
lattice-based model allows for the extrapolation of the active TPB density evaluated by image
analysis up to the size of the Pt mesh according to the scaling laws of percolation in finite

lattices.
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7.4.2 Wire model for TPB estimation

This model was a collaboration with Dr. Sam Cooper, where he has contributed Matlab coding.

Grey scale Segmented Sensitivity

Figure 7-8 the image segmentation and wire based model used for aTPB statistics. The green
line represents the wire current collector located at the different region with different
width. The white area is the percolated nickel in contact with the current collector and the
red line surrounding the white particle represents the corresponding active triple phase

boundaries.

In the wire-based model a ‘wire’ location was assigned across the images. Due to the
uncertainty around the quality of the contact between the current collector and the nickel
layer, a two-part sensitivity analysis was performed to investigate the degree of lateral
percolation in the nickel phase so that the aTPB density could also be approximated.
Percolation was assessed by placing an initial “wire” column, representing the contact from a

section of the current collector mesh, and then counting only those TPBs which belong to the
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Ni clusters connected to the wire. The first part of the sensitivity study involved placing the
wire at a range of equally spaced horizontal locations and the second part varied the width of

the wire column as illustrated by Figure 7-8.

Percolation across the full width of the imaged area was used to assess the global percolation
of the nickel layer with the Pt mesh. If the nickel percolated across the whole imaged area,
the imaged active TPB density was assumed to be available to the entire electrode area.
However, once Ni percolation from wire to image side stopped, the active TPB density was
assumed to scale with the length of current collector mesh per unit area. Thus, the following

equations were used for Ni percolation across the whole imaged area:

L
ParpB =~ Equation 12

Aimage
and once Ni percolation was lost from the fictitious wire location to the image side:

LarpB X Lywire-macro

ParpPB = Equation 13

Lwire—-micro Acell

where, p,rpp is the active TPB density per unit of total cell area, L,rpg is total active TPB
length measured in the image area, A;pqge is the image area, Ly ire—micro is the wire length
observed in the image area, Ly ire—macro 1S total Pt current collector length and A.,;; is the

total cell area.

7.4.3 Active TPB density obtained from Image analysis

The wire model and the lattice model described above were used for estimating aTPB per unit

of entire electrode area as shown in Figure 7-9. The variations of aTPB with time show the
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same trends in both models. First, the early stage is characterized by an increase of aTPB with
time that corresponds to the dewetting progress from a dense nickel thin film to a highly
porous network. Secondly, the intermediate stage begins when the aTPB generation rate
slows down until aTPB reaches a peak. The two models show a consistent time value match
when aTPB reaches a maximum value. Around this peak point, the aTPB was affected by both
pore generation and de-percolation, resulting in a temporary maximum. In addition to that,
this peak aTPB density shows a consistent time step with coverage point of 0.63, as described
in Figure 7-6. Finally, the agglomeration stage starts when both the total TPB and aTPB
became stable. The final minimum aTPB values are directly controlled by the active nickel
particles that are directly in contact with the current collector. Prolonging the heat treatment

at high temperature leads to a further decrease in the aTPB values.
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Figure 7-9 the aTPB estimation based on wire model and lattice model for the two samples
recorded within wet 5 vol % H, at T = 560 °C (left) and T = 600 °C (right). The dark blue line
shows the total TPB, light blue line shows the calculated results from wire model and green

line represent the calculation results from the lattice model.
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7.5 ELECTROCHEMICAL PERFORMANCE
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Figure 7-10 a): the Ohmic resistance and electrochemical reaction polarisation resistance as
a function of time as measured from impedance spectroscopy data at 600 °C; b): the active
area ratio wuct and active TPB density per unit of electrode area parps Or active percolating

area pqrpe® obtained according to Equations 12 and 13, respectively.

Theoretically, only one temperature was sufficient for EIS investigation because the
microstructural evolution at different temperatures can be rescaled with a single scaling
factor (Figure 7-6). The electrochemical behaviour of the 2D Ni/YSZ electrode is reported in
Figure 7-10a shows that, within the first 20 minutes of operation, the electrode gives high
values of ohmic resistance (R1) and electrochemical reaction polarisation resistance (R).
According to the image analysis reported before, within the first minutes the electrode
corresponds to a dense Ni layer with a few defects/pores. In this situation, the
electrochemical reaction occurs only at the sparsely dispersed TPBs, thus the ionic current
flows in the electrolyte only underneath the projected area of these defects, resulting in large

values of ohmic and polarization resistance.
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As soon as de-wetting begins, some "holes" are generated, which create TPBs. At a certain
point, it could be assumed that holes (and aTPB) are uniformly distributed over the entire
electrode planar area. In this situation, the whole electrode area is active and so the
electrolyte ohmic resistance is minimum. According to Figure 7-10a, this situation occurs after
ca. 20 min at 600 °C. Notably, at this point the long-range percolation of Ni is not yet lost since
the Ni percolation ratio in the imaged area is equal to 1 for up to 15 min (see Figure 7-6a). So,
when the ohmic resistance is minimum (R1™"), the whole electrode area can be considered
covered by a homogeneous layer of nickel with holes (and TPBs). Therefore, any subsequent
increase in Ri is attributed to the loss in long-range percolation that causes a decrease in

active area as described in Figure 7-7.

Figure 7-10b also shows the active TPB density evaluated according to Equation 12&13 from
the temporal evolution of the polarization resistance R; reported in Figure 7-10a. The
increasing and then decreasing stages of R, produce a maximum in the pgrps, Which is in
gualitative agreement with that obtained from image analysis in Figure 7-9. After roughly 30
minutes of operation, the loss in nickel percolation leads to the significant increase in Ry,

resulting in an abrupt decrease in pg7es.

7.6  MICROSTRUCTURE SIMULATION

7.6.1 Nickel Wetting Angle and Dihedral Angle

For the nickel thin film supported on YSZ substrate, a simulation was used to simulate the
microstructure evolution of the nickel film. It has been found that the microstructure

evolution is strongly dependent on the wetting angle between Ni and YSZ, and the dihedral
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angle between two neighbour nickel grains at the surface. The simulation results reported in
the later section are based on a wetting angle of 121° (determined based on FIB cross section
images) and a dihedral angle of 129°. The dihedral angle is calculated from the ratio of the

grain boundary energy to the surface energy of nickel (reported to be 0.37 7).

tanf

a = arctan( ) Equation 14

cos 36°
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Figure 7-11 a) SEM images 2D Ni-YSZ after degradation at 600 °C, with dihedral angle
measurements. Dihedral angle= 152°+7.2°; b) SEM images 2D Ni-YSZ after degradation at

500 °C, with dihedral angle measurements. Dihedral angle= 129°+10.2°
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The wetting angle of nickel particles was measured with FIB-SEM cross-sectional views. A
wetting angle correction was considered due to the sample tilt of 54" for FIB milling. Here a
is the real wetting angle, (8 is the observed angle from SEM images, as shown in Figure 7-12.
The contact point is a cross-section of a TPB (i.e., the intersection of gas/Ni/YSZ). From the
SEM image, f=126°1+13°; therefore, after correction via Eq. 12, the contact angle results

equaltoa = 121° + 12°.

Figure 7-12 FIB-SEM cross-sectional images for Ni wetting angle measurements.

7.6.2 Nickel Dewetting Simulation

In order to obtain a mechanistic insight into the mechanisms that govern Ni dewetting,
cellular automata simulations were performed by Dr. Xin Wang, and compared with the image

analysis of experimental E-SEM images discussed above.
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Figure 7-13 Schematic representation of surface diffusion and fast diffusion models. a) Mass
transport takes place along the nickel surface, step-by-step, until the matter voxel reaches
the low energy vacant site; b) the high energy matter voxel can jump into the low energy
vacant site in a single step; c) a grain boundary migration model presented that the higher
energy voxels region (light grey and dark grey) change to lower energy voxels region (black)

near the triple grain junction.

It used to be generally accepted that the process of solid-state dewetting is governed by
surface self-diffusion’?. While, this does not seem to be true according to recent studies
7281166 |t was found that other mechanisms such as grain boundary’® and interface
diffusion’®8° can play a crucial role. For example, the metal self-diffusion along the metal-
ceramic interface was found to be faster than mass-transport self-diffusion along a surface of

the same metal’l.
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Figure 7-14 a) the initial microstructure of a representative area of nickel film b) the
simulated microstructure evolved by using the surface diffusion model when nickel
coverage is reduced to about 60%; c) a slightly larger area of nickel film than a), d) the
simulated microstructure evolution from c) by employing a fast diffusion model, at this

point the nickel coverage area is also reduced to about 60%.

Figure 7-13 shows a Ni cluster with a high surface energy region and low energy vacant site.
These two conditions have been assigned to each individual model. a) According to the
surface diffusion model, mass transport takes place along the surface, step-by-step, until the
matter voxel reaches the low energy vacant site. b) According to the fast diffusion model, the
high energy matter voxel can jump into the low energy vacant site in a single step. In both
cases, mass transport takes place only within the same Ni cluster. ¢) Grain boundary migration
model: each grain boundary voxel is allowed a chance of changing its state to that of one of
its neighbours, with a probability proportional to the local energy difference; for example, at
a triple junction (within the red circle in c), the energy of light grey and dark grey voxels is

higher than that of black voxels. Therefore those voxels initially belong to light grey and dark
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grey grains near the triple grain junction will be more likely to change to black. As a result of
this evolution, the triple junction will become more balanced when the angle becomes

roughly 120° (by assuming isotropic grain boundary energy).

In order to investigate how initial defects affect the microstructure changes, crack like defects
were introduced in the initial microstructure. Figure 7-14 a-d show the simulated
microstructure evolution by using the surface diffusion model. The simulated microstructure
evolution (shown in Figure 7-14 a and b) is significantly different from the experimental
observation. Since the surface diffusion simulation is more expensive in computational cost,
a relatively small area (3.2um by 3.2 um) of nickel film is simulated. The major discrepancy
between simulation and experimental results is that the simulation failed to reflect the
preferential pore growth or expansion from the pre-existent defects. Also the pore growth
and the shrinkage of the nickel clusters shown in the simulation are very limited as compared
to the experimental observation. Therefore, the nickel film dewetting is unlikely to be
controlled by surface diffusion. This is consistent with the study from Amram??, which shows
surface diffusion cannot be used to interpret the fact that if no rim or hillock on both sides of

grain boundary groove.

In contrast, the microstructure evolution simulated by the fast diffusion model is fairly close
to what was observed in experiment (shown in Figure 7-14 c & d). Both experimental and
simulation results predict that the de-percolation occurs at about 60% nickel coverage rate
(i.e., the threshold for 2D nickel cluster percolation is about 60%), but different mechanisms
show very different phase sizes and TPB density at the percolation threshold. Figure 7-15 lists

these parameters at the point of de-percolation obtained by experiment and simulations. The
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phase size (measured by using interception length) and TPB density are obtained from the 2D
images. Figure 7-15 shows that while the fast diffusion model matches the experimental

results fairly well, the surface diffusion model severely deviates from the experimental results.
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percolation threshold obtained by different simulation models and evaluated in
experimental E-SEM observations. In this graph, TPB values were calculated on a subset of
the image area, thus they differ from those evaluated on the large dataset due to statistical

variation.

In the fast diffusion model, nickel transport is only allowed to occur within one cluster: i.e.,
the nickel is not allowed to move from one isolated particle to another isolated particle. This
is based on the in-situ experimental observation that the small nickel particles do not change
size once detached from a large cluster to which they originally connected, which indicates
that nickel transport along the YSZ surface is very limited, if not impossible. It also rules out

the possibility of evaporation-condensation in dewetting.

7.7 ACTIVE TPB COMPARISON

The link between microstructural evolution and electrochemical response of the Ni film was
assessed by comparing image analysis, simulations and impedance spectroscopy data, which
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is reported in Figure 7-10a for 600 °C and 1 atm. Notably, E-SEM imaging and EIS data refer
to two nominally equal but distinct samples, thus some variations are expected due to

variance in sample fabrication and differences in operating conditions.
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Figure 7-16 the active TPB density obtained from 3D analysis and 2D image analysis on

simulated microstructure evolution, compared with the experimental results (2D analysis).

Since the wetting angle of nickel is > 90°, the actual TPB is hidden under nickel particles.
Therefore the TPB density obtained from 2D images may not to reflect the actual TPB density.
Simulation provides both 3D data sets and 2D images which allow the comparison of the
percolated TPB density obtained from 2D analysis with that from 3D analysis. As shown in
Figure 7-16 the 3D analysis gives much higher percolated TPB density than that obtained from
2D analysis. In Figure 7-16, the time is normalised against the de-percolation time so that the
simulation result can be compared (the de-percolation occurs at about 550 time steps in
simulation whereas the experiment at 600 °C shows the de-percolation occurs at 22 min). The

aTPB obtained from simulations show a fairly good match with experimental results. The E-
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SEM result is consistent to the 2D analysis, due to the nature of the top-view hiding the actual
TPBs. The aTPB calculated from electrochemical impedance data shows a reasonable match
with 3D analysis result, except that the aTPB estimated from 3D analysis shows a narrower
peak than the aTPB estimated from EIS. Such a difference mainly comes from four reasons:
firstly, each impedance measurement takes 2 mins, which could provide a real-time
degradation for a short period of time; the presence of any nickel nanoparticle and nano
roughness are limited by observation resolution for the computational analysis, but counted
for electrochemical performance; thirdly, due to the significant computation load, only a
small area has been analysed, this simulation only provided a general analysis of the local
nickel dewetting; lastly, in the impedance measurement, the isolated nickel particles could
still provide the aTPB by in contact with Pt mesh current collector. While, in the both
simulation and E-SEM observation, nickel isolation leads to de-percolation and aTPB

reduction.

7.8 CHAPTER SUMMARY

In this chapter, the morphological and microstructural evolution of 40 nm thick nickel films
on a YSZ substrate has been studied in-situ using E-SEM with humidified (3%) diluted
hydrogen at 560 °C and 600 °C. The rate of dewetting is decrease with nickel thickness, and
increases with temperature. The solid-state dewetting process is interpreted and discussed
in terms of microstructure migration and statistical analysis. The dewetting of the nickel thin
films originated from the YSZ grain boundaries, which may be due to the stress concentration.
This suggests that bigger YSZ grains with minimized grain boundaries could potentially

increase the initial nucleation point that is required for nickel solid-state dewetting. Two
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models were developed and used to estimate the aTPB density changes to predict the nickel
evolution in the overall cell. The dewetting process under two temperatures shows a
consistent trend, including TPB density, nickel surface coverage and percolation ratio. The
sufficient precision of rescaled relevant microstructural properties indicates that the
dewetting and agglomeration phenomena proceed according to the same mechanisms,

irrespective of temperature over the range 560-600 °C.

Impedance spectroscopy data has been also acquired under the same gas mixture operating
condition at 600 °C. The EIS data was used to estimate aTPB density based on the
electrochemical performance of the 2D symmetrical cell. The estimated aTPB density shows
a good match with the morphological change confirmed by the image observation, as well as

the aTPB densities calculated by two models.

The nickel dewetting simulation was developed for further studies, which considered
thickness, wetting angle, dihedral angle, nickel surface diffusion, grain growth and
temperature for a given operational gas mixture. It has been clearly identified that nickel
dewetting is not driven by surface diffusion, nor by evaporation-condensation. Rather, the
energetics of pore nucleation appears to be the most important energy barrier to trigger
dewetting. This implies that reducing the number of nucleation points, for example by
removing defects, dust and controlling the purity of materials, may significantly slow down
the rate of dewetting. For the same experimental parameters, the dewetting time and nickel
morphological change showed good correspondence between the simulation and E-SEM
observation. By comparing the aTPB simulation results with experimental data, the 2D

analysis shows consistent trend and results with E-SEM statistical analysis. Furthermore, by
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adding the wetting angle to the simulation, a 3D analysis was established. This result shows a

good match with aTPB values obtained from the cell electrochemical impedance.

Since the YSZ surface morphology, film preparation method, film thickness, operational
atmosphere and temperature have significant influence on the dewetting process, a further
study can focus on verifying different individual parameters, such as investigating the proper
nickel particle size for lower dewetting rates at relatively high temperatures, different
humidification, or hydrogen partial pressure. The novel technique of using the 2D cell could
significantly simplify the SOFC material studies for other research work as well, including:

material selection, redox cycling, catalyst poisoning, carbon deposition, etc.
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CHAPTER 8 CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

Ni-YSZ has been considered as one of most reliable and cost-effective anode materials for
SOFC applications. The motivation of the present research was to investigate the redox cycling
impact on Ni-YSZ electrodes and nickel dewetting behaviour on YSZ substrates, in order to
improve the material structure for more reliable performance. The results combine the
evolution of electrochemical performance, microstructure and mechanical properties (elastic

modulus and hardness) to demonstrate the material change under redox condition.

Firstly, the electrochemical and mechanical deterioration of Ni-YSZ anodes after up to 20
redox cycles was quantified by a combination of FIB-SEM tomography, impedance
spectroscopy, nanoindentation and modelling. The fractures at the YSZ grain boundaries, Ni-
YSZ detachment, continuous nickel agglomeration and increasing porosity after each redox
cycle were observed, all of which lead to the mechanical properties deterioration and seem
to be irreversible. The electrochemical degradation was measured by impedance
spectroscopy and a physically-based model was used to infer the TPB length from the
temporal evolution of the electrochemical reaction polarisation resistance, revealing a good
match with TPB density obtained through FIB-SEM tomography. In particular, the model fits
very well the initial, 5 redox and 10 redox samples, with a less satisfactory fit for higher redox
cycles, attributed to changes in the effective conductivity of the composite caused by YSZ

fractures and nickel agglomeration. It is also observed that the electrochemical reaction
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polarisation resistance decreased temporarily by a factor ca. 2 upon each re-reduction,
probably due to the transient generation of Ni nanoparticles around the TPB coming from the
volume shrinkage from NiO to Ni. Although this causes a temporary decrease in
electrochemical reaction polarisation resistance, after each redox cycle the degradation rate
is even faster due to the promoted Ni agglomeration. This results in an overall increase in
electrochemical reaction polarisation resistance by about an order of magnitude as a
consequence of a reduction in active TPB density (from 4.63 pm™2 to 1.06 pm?2) and
fragmentation of the YSZ network along its grain boundaries due to Ni expansion upon

oxidation.

To try to improve the microstructure to resist redox cycling and prevent YSZ damage, Ni
infiltrated YSZ scaffolds were studied. It has been found that, at sintering temperatures below
1200 °C, YSZ tends to form rather small grains, with poor YSZ grain connectivity important for
ionic conductivity and mechanical stability. In the samples sintered above 1200 °C, the YSZ
grains were very well connected, and grain size increased with higher sintering temperature,
resulting in improved mechanical properties as high as 136.5 GPa and 7.95 GPa for elastic
modulus and hardness, respectively. But the high sintering temperature also resulted in a loss
of porosity and reduced pore size; this could lead to difficulty in Ni infiltration and gas phase

diffusion.

The electrochemical and mechanical deterioration of Ni infiltrated YSZ scaffolds after up to
15 redox cycles was determined by a combination of SEM, impedance spectroscopy,
nanoindentation and FIB-SEM. It has been found that after 15 redox cycles the YSZ scaffold

retained its structure well, since improved mechanical properties prevent the YSZ break down
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against Ni volume expansion during the oxidation cycle. This stable YSZ framework effectively
maintained considerable numbers of aTPB, that otherwise could lose effective ionic
conductivity if there were YSZ framework damage. The infiltrated Ni-YSZ scaffold has a better
initial performance and stable performance, with lower Ni content (25 wt%) and a lower
operational temperature, compared with conventional Ni-YSZ (40 wt%) sintered under the

same condition but operated at a higher temperature.

However, as in conventional Ni-YSZ anodes, nickel agglomeration still cannot be minimized
within Ni-YSZ scaffolds, leading to nickel migration from the electrode to the top surface, and
resulting in a significant loss of nickel content within electrodes. As this could not be
prevented, a multi-porosity layered electrode has been designed to try to trap the nickel

within the interface of the fibres and the scaffold.

Under the compliant fibre layer, the mechanically strong YSZ scaffold layer provides not only
an extremely high surface area for the electrochemical reaction but also a stable structure to
resist degradation induced by redox cycling. It has been identified that, the high
electrochemical performance at the low temperature is mainly contributed by the scaffold
layer of the cell, as compared with Ni-YSZ Scaffold. This low operational temperature enables
slower cell degradation during both isothermal ageing and redox cycling processes. The
horizontal single direction YSZ fibre structure effectively limits the nickel agglomeration
pathway within the fibre layer. This may help stabilise the electrochemical performance
(electrochemical reaction polarisation resistance) in the longer term. At the same time, the

highly porous YSZ fibre layer, on top of the scaffold, provides compliant contact with the
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current collector. This application improved the ohmic resistance stability as attested by

impedance measurements.

Apart from the electrode redox cycling study, additional work has been focused on the nickel
wetting properties between Ni and YSZ. E-SEM observations revealed that film dewetting
originated from pre-existing film cracks at the YSZ grain boundaries. Microstructural evolution
occurred only within connected Ni clusters, no mass transport was observed among isolated
Ni particles. Additional pore nucleation in the bulk of Ni film took place only at a late stage.
The high energy barrier of pore nucleation was confirmed by cellular automata simulations,
which revealed that neither surface diffusion nor evaporation-condensation mechanisms
were compatible with the observed film evolution. On the contrary, the energetics of pore
nucleation represents the dominant energy barrier, with an apparent activation energy of 2.1

ev.

The analysis of the active triple phase boundary density revealed that 2D images
underestimate the real aTPB. Nevertheless, 2D image analysis showed that aTPB density
initially increased and then dropped as soon as the Ni coverage ratio approached 0.63, which
identified the start of the de-percolation stage. Both the peak and the abrupt drop in aTPB
density were satisfactorily correlated to the impedance response, linking the microstructural

evolution to the electrochemical degradation of 2D Ni-YSZ electrodes.

8.2 Future Work

The experiments revealed that redox cycling impacts in different ways on different forms of Ni-

YSZ electrodes, and that the electrochemical performance and mechanical properties of the Ni-
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YSZ electrode can be improved through microstructural design. Therefore, the nickel
agglomeration behaviours under multi-porosity electrodes and data found in this study must be

further explored and interpreted.

The introduction of the 2D Ni on YSZ electrodes offers a promising new methodology to study
nickel behaviour on YSZ under operational conditions. The quantitative link between
microstructural evolution and electrochemical response enables prediction of
electrochemical degradation via in-situ microstructural observation and, vice versa, the
investigation of microstructural evolution phenomena through EIS. From a technological
perspective, as pore nucleation represents the most important energy barrier of dewetting,
reducing the number of nucleation points by removing defects and dust, controlling the purity
and surface properties of materials, or by increasing the YSZ grain size, may significantly slow
down the dewetting rate. While all these points require specific individual studies, the proposed
methodology provides a platform to investigate other phenomena, such as redox cycling,
poisoning and carbon deposition in simplified and controlled conditions, thus supporting material

and technological research.
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