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Abstract
The ability to predict the lifetime performance of an SOFC can give guidelines for
where improvements can be made in terms of production, operating parameters and
cell design.

Microstructural analysis of Ni-YSZ anode samples under varying steam and
temperature regimes was investigated to determine trends in the anode Ni particle
growth. Increasing the steam content produced larger mean Ni radii for a given
temperature. Higher operating temperatures (900°C) were shown to have a
significant accelerating effect on the particle size change.

Further analysis of the microstructural data highlighted profiles for Ni-pore contact
angle θ values, as well as Triple Phase Boundary points and overlap length which
both showed a decrease over time, highlighting differences in the rate of
performance loss in the anode.

Using models derived for the degradation mechanisms combined with a particle
packing model, Matlab® coding was developed to predict the Ni particle growth rate
and the relative change in conductivity and TPB length per unit volume. Ni particle
growth rate predictions were compared to experimental results and showed good
correlation. The data can be used to help design accelerated testing procedures for
SOFC anodes to determine the long term performance of a given anode composition.
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Symbol

Description

𝑎𝑒𝑑,𝑒𝑙

Cross-sectional area per contact between and electrode and
electrolyte particle (m2)

𝐶

Vacancy concentration

𝐶𝑟

Solute concentration at a plane interface in a matrix in equilibrium
with particle of infinite radius

𝐶𝑓

Vacancy concentration for a flat surface

𝐷𝑠

Atomic surface diffusion coefficient (m2 s-1)

𝐷𝑣,𝑠

Vacancy surface diffusion coefficient (m2 s-1)

𝐸𝑎𝐷𝑎𝑛

Activation energy of anode degradation (J mol-1)

𝑔(𝑡)

Growth restricting value for maximum nickel size

𝑗̅

Diffusive flux or flow (mol m-2 s-1)

𝑘𝐵

Boltzmann constant (J K-1)

𝑘0𝐷𝑎𝑛

Rate constant for Ni particle grain growth

𝐼

Contact perimeter between overlapping particles (m)

𝑀𝑚𝑜𝑙

Molar mass (g mol-1)

𝑛

Sintering mechanism exponent

𝑉
𝑛𝑁𝑖
𝑘

Number of specific particle size per unit volume

𝑃𝑒𝑑

Percolation probability of electrode particles

𝑃𝑒𝑙

Percolation probability of electrolyte particles

𝑟

Radius of particle (m)

𝑟𝑐

Neck radius of two overlapping particles (m)
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𝑟𝑁𝑖(0)

Initial mean Ni particle size (m)

𝑟𝑁𝑖∞

Max mean Ni particle size (m)

𝑟𝑌𝑆𝑍

Radius of YSZ particle (m)

𝑅

Universal gas constant (8.314 J mol-1 K-1)

∆𝑆

Surface diffusion area change (for vacancy flow)

𝑡𝑒𝑟
𝑆𝑒𝑑𝑘

Effective contact surface area between el-particles per particle
layer (m2)

𝑆

Geometric cross-sectional area of composite electrode (m2)

𝑆𝑒𝑑𝑘

Surface area fraction of all electrode particles (of size k) (m2)

𝑡

Time (s)

𝑇𝑟𝑒𝑓

Reference temperature (K)

𝑇𝑠

Temperature set point for cell (K)

𝑉

Volume of material (m3)

𝑉𝑚

Molar Volume (cm3 mol-1)

𝑥̅

Diffusion distance (m)

𝑥𝐻2

Hydrogen partial pressure

𝑥𝐻2 𝑂

Steam partial pressure

𝑍̅

Average coordination number for all solid particles

𝑍𝑒𝑑,𝑒𝑑

Average coordination number for all electrode particles

𝑍𝑒𝑙,𝑒𝑙

Average coordination number for all electrolyte particles

Greek letters
𝛽

Fitting parameter (relationship between largest and smallest Ni

Page xi-240

radii relative to mean radius
𝜁𝑒𝑑𝑘

Fraction of the number of particles of a specific electrode type k
out of all particles

𝛿

Thickness of boundary between particles (m)

𝛿𝑠

Thickness of inter-atomic spacing (2.5A)

𝛾

Surface energy (J m-2)

𝜆𝑉𝑇𝑃𝐵

TPB length per unit volume (m)

𝜆𝑉𝑇𝑃𝐵,𝑒𝑓𝑓

Effective TPB length per unit volume (m)

𝜆̃𝑉𝑇𝑃𝐵,𝑒𝑓𝑓

Non-dimensional effective TPB length per unit volume

𝜃

Contact angle between two particles

𝜇

Bruggeman factor
𝑡𝑒𝑟,𝑒𝑓𝑓

Dimensionless effective inter-particle conductivity

𝑡𝑟𝑎,𝑒𝑓𝑓

Dimensionless effective intra-particle conductivity

𝜎𝑒𝑑

𝑡𝑒𝑟,𝑒𝑓𝑓

Effective inter-particle conductivity (S m-1)

𝑡𝑒𝑟,𝑜
𝜎𝑒𝑑

Intrinsic conductivity of the particle interface (S m-1)

𝜎̃𝑒𝑑
𝜎̃𝑒𝑑

𝜎𝑒𝑑

Effective intra-particle conductivity (S m-1)

𝑡𝑟𝑎,𝑜
𝜎𝑒𝑑

Intrinsic material conductivity (S m-1)

0
𝜎𝑚

Total bulk material conductivity (S m-1)

𝑡𝑟𝑎,𝑒𝑓𝑓

𝜎𝑚

Total effective conductivity (S m-1)

𝛷𝑔

Porosity

𝜓𝑒𝑑

Volume fraction of Ni particles

𝜓𝑒𝑙

Volume fraction of YSZ particles

𝑒𝑓𝑓
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𝑜
𝜓𝑒𝑑

Volume fraction of electrode particle of size k

𝑐
𝜓𝑒𝑑

Percolation threshold for Ni electrode particles

𝑐
𝜓𝑒𝑙

Percolation threshold for YSZ electrolyte particles

𝑜
𝜓𝑒𝑑
𝑘

Relative volume fraction of particle k electrode to all electrode
particles

Ω

Mean atomic (or molar) volume of the particle, or volume element
(m3)
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CHAPTER 1

Introduction

Fuel cell technology dates back to as early as 1838, when William Grove described
his version of a phosphoric acid fuel cell (PAFC), and in the same year Christian
Friedrich Schönbein wrote about his early fuel cell design. Subsequent work over the
next hundred years by researchers such as Ludwig Mond, Friedrich Wilhelm Ostwald
and Walther Nernst helped the progressive understanding of fuel cells. Francis
Bacon is attributed with significant advancements to fuel cells, having built a
functional 5kw unit in 1939, and eventually helped develop an alkaline fuel cell (AFC)
(also referred to as a Bacon fuel cell). This technology was further developed and
eventually it was incorporated into the space craft for the Apollo missions. Nernst’s
work in the fields of electrochemistry and thermodynamics led to an experiment
where he noted that whilst zirconia is an insulator at room temperature it is an ionic
conductor when red hot. This discovery took until the 1930s to be implemented in
laboratory practice by Baur and Preis. Subsequent developments have been made in
the field of SOFC research, with Siemens Westinghouse work on Tubular SOFCs
being a major contributor in the field for a number of years before they pulled out of
the area, leading the way for SOFC research to become increasingly focused in
research institutes and many smaller companies internationally.

1.1 The Solid Oxide Fuel Cell

Solid Oxide Fuel Cells (SOFCs) are a potential avenue for a more sustainable fuel
utilisation than via existing technologies due to an improved efficiency in energy
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generation. By converting the hydrogen or hydrocarbon fuels electrochemically,
rather than by conventional combustion, they allow for a more efficient use of the
potential energy of the fuels they use whilst also producing reduced or zero harmful
emissions compared to conventional fuels. SOFCs operate in temperature ranges
anywhere from 600°C to 950°C, with the 600-650°C range often being referred to as
Intermediate Temperature (IT)-SOFCs. This temperature range is needed to allow for
sufficient ionic conductivity through the ceramic electrolyte material.

Their

components are predominately made of ceramic or mixed ceramic/metallic materials,
capable of withstanding the high operating temperatures required. Unlike many other
types of fuel cells, SOFCs are capable of directly utilising hydrocarbon fuels,
efficiently generating electricity and producing only steam and CO2 as emissions.
The high temperature removes the need for expensive platinum group metal catalyst
commonly used in Polymer Electrolyte Fuel Cells (PEFCs), allowing for less
expensive catalysts such as Ni. Overall, this gives SOFCs certain flexibilities and cost
reducing features making them ideal for potential heating and electrical applications.

Figure 1-2 shows a basic diagram of the operating mechanism of an SOFC.
Hydrogen fuel gas travels through the anode and reacts with oxygen ions travelling
through the electrolyte to form water (which is present as steam). The ions created
on the cathode side allow for the transport of electrons through the system and thus
generate electricity.
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Anode: Ni-YSZ
Interconnect:
Ferritic
Stainless Steel

Electrolyte:
YSZ
Cathode: LSM
or LSCF with
intermediate
layer

Figure 1-1. Cross-sectional diagram of SOFC layers.

The dark grey layer

represents the interconnect, the green the anode material and in this case the
support layer, the white is the electrolyte and the light grey is the cathode.

Variations of the processes in the anode take place depending on the composition of
fuel gas used. The Triple Phase Boundary points (TPB points) are the locations
where the ions, electrons and hydrogen protons meet to be able to form the steam
and complete the circuit for electricity generation.
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V

H2

O2-

2H2 +
2O2-=
H2O +
4e-

O2 + 4e= 2O2-

O2

e↑

e↓

Anode

Electrolyte

Cathode

Figure 1-2 Example diagram of SOFC operating principal [1]. Oxygen ions
travel from the cathode through the electrolyte and combine with the hydrogen
on the anode side to form steam.

The difference in the way an SOFC operates can offer significant advantages
compared to current incumbent technologies. Areas for application include stationary
and mobile power generation. For stationary applications the replacement of
conventional power generation units requires the fuel cells to provide reliable,
efficient electricity, with the additional benefits of being cleaner, quieter, capable of
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heat generation and more fuel flexible. For mobile applications, being able to quickly
deliver the required electricity and (potentially) heat to the customer are key, with its
relatively cleaner emissions and silent operation far more desirable in enclosed
environments or in locations where air cleanliness is paramount.

For example,

currently in the market of Auxiliary Power Units (APUs) for trucks in the U.S, diesel
powered engines provide the electricity and heating for the passengers during long
haul driving, which can be 10’s of hours of electricity generation between stops.
Anything from powering fridges and TVs to heating or cooling the vehicles during
extreme weather need power. For many drivers the APUs allow for heat or electricity
when stationary, as engine idling is illegal in a number of states across the US. Not
only does the SOFC APU offer a more efficient solution, especially if used for heat
generation, but due to its lack of moving parts the relative silence could be beneficial
for those drivers who suffer from the noise associated with, as well as cleaner
generation compared to, a diesel unit. These SOFC APUs however have to be
capable of long hours of operation (10,000-20,000 hours, depending on application)
as well as a frequent start-up/shut-down cycles during their lifetime.
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Figure 1-3 Example of SOFC APU unit from Delphi. [2] The unit provides
electricity and heat inside of long-haul trucks.

To achieve these requirements improvements in the understanding of SOFCs and
their ancillary equipment (such as blowers, fuel delivery systems, pre-reformers) is
required to meet the desired targets. The U.S Department for Energy DoE and the
Solid State Energy Conversion Alliance (SECA) have outlined desired outcomes for
the performance of SOFCs, and include lifetime performance degradation of less
than 0.2%/1000h over 40,000 hours, and total efficiencies over 60% [3]. In particular
SOFCs components lose performance over time as the high temperature, fuel
composition, contaminates and the cycling undergone all contribute to progressive
degradation. Currently one of the significant limitations to commercial implementation
of SOFCs is the rate of loss of performance in SOFCs systems, unlike PEFCs which
currently focus more on cost reduction (via reduced materials cost) for commercial
implementation. The benefits of the high operating temperatures, which allow for
cheaper materials and more fuel flexibility compared to other fuel cells, also lead to
faster degradation rates. Mitigating the mechanisms which lead to less loss of
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performance allowing for longer operation and thus a more cost effective product.
However, understanding the vast array of degradation phenomena which occur in the
cells is both complicated to understand and simple effects are difficult to extract.

SOFCs as a novel and emerging field have seen significant research undertaken to
both improve the performance and understanding of the fuel cells as well as looking
into the ways in which this technology can help augment the existing power
generation market. Research can focus on areas covering cost reduction, reliability,
improved performance, improved manufacturing techniques, various analytical
techniques, contaminant resistance and alternative applications [4-7] Looking to
improve the lifetime of cells and stacks through an increased understanding of
degradation and overall robustness often incorporates many of these fields.

1.2 SOFC Degradation
Fuel cells are subjected to a number of degradation mechanisms influenced by
operating conditions such as temperature and fuel composition, contaminates in
either the fuel or fabrication materials as well mechanical/structural issues.
Degradation is most commonly reported as a loss of electrochemical performance. A
major contribution is microstructural change. SOFCs at stack level can be very
susceptible to mechanical issues due to the rigidity of ceramics, which has the logical
effect in limiting most SOFCs to be used in more stationary applications meaning the
most common forms of degradation are based on internal influences (rather than
external ones like vibrations from shaking). Each component of an SOFC will be
subjected to degradation mechanisms, and each field represents one of interest for
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maximising the long term efficiency of the unit. For this study the SOFC anode, which
of the components has perhaps the most regularly research material composition i.e.
(Nickel-Yittria Stabilised Zirconia (Ni-YSZ cermet)), was chosen for further research
due to available data in literature.

SOFC anode degradation can be attributed to 3 overall mechanisms which can lead
to its loss in performance and eventually catastrophic failure. These mechanisms
include anode deactivation/passivation, thermomechanical issues, and transportation
of anode material. Anode deactivation/passivation occurs when the active Ni sites
are blocked or otherwise impeded thus reducing the TPB density. The most common
forms of this degradation are carbon formation and from fuel impurities such as those
seen in sulphur poisoning. The nature of how these processes take place, and
attempts to mitigate or resolve them have been the ongoing focus of research to help
product commercialisation (due to being able to avoid hydrogen procurement and
instead directly operate off natural gas lines). With thermomechanical mechanisms
we see mechanical failure due to temperature gradients which leads to mechanical
failure of the cell. This is more common in stack level testing, where the thermal
gradients can lead to severe thermal mismatch, eventually leading to crack formation
etc. Redox cycling is the other most common cause of thermomechanical issues,
where the expansion and contraction caused by nickel metal shifting between its
larger oxide state and its pure metal state leading to mechanical stress. If oxygen
enters the fuel stream or an interruption to the stream occurs and air gets access
then significant damage can occur to the cell/stack. Both of these issues again have
seen significant focus in recent years, with computational modelling helping with the
former and microstructural analysis and initial cell microstructure optimisation helping
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with the latter. Lastly, with material transportation we see a tendency to reduce free
surface energy causing a change in Ni particle size and morphology. The Ni atoms
are transported via diffusion and condensation/evaporation mechanisms, allowing for
sintering and coarsening to occur, leading to an increase in mean Ni particle size.
This leads to a loss of Ni-Ni connectivity (percolation), changes the contact angle of
the TPB and decreases the specific surface area of the anode microstructure. All of
this leads to an overall loss of conductivity. The exact mechanism via which this loss
is incurred is still unclear. It is known to be attributed to nickel particle agglomeration
in the Ni-YSZ cermet, but a clear understanding of the individual effects of the
operating conditions (temperature and steam content), as well as the effects of the
initial microstructure are on the long term performance loss. Most long term tests
involve complete cells, and so the attributed gradual degradation cannot solely be
placed as being a sole result of the microstructural changes in the anode or the other
components. Due to the loss of performance in the anode as a result of particle
growth,

microstructural

analysis

could

allow

the

segmentation

and

fuller

understanding of how these changes lead to overall degradation in the cell.

Long term degradation is predominately associated Ni particle growth, agglomeration
and volatisation. This is commonly attributed to diffusion. Anode performance is
based on the effectiveness of the TPB and the more of these locations and the less
resistance to their individual functions leads to a higher generation of current for a
given voltage. As hydrogen molecules diffuse through the cermet the continuous
nickel phase conducts electronically whilst the YSZ conducts ionically. The oxygen
ions from the cathode combine with the hydrogen molecules, releasing electrons
which then travel via the nickel particles to the interconnect material and through to
Page 9-240

the cathode to create the oxygen ions. In the anode, the porosity affects the diffusion
rate for hydrogen and water molecules (mass flow), whilst the electronic and ionic
conductivity determine the rate of reaction in the anode (charge flow).

At operating conditions, the Ni particles can sinter, influenced by the relative
environmental features such as steam partial pressures and temperature. Over an
extended period of time the Ni would normally agglomerate into one large metallic
mass however the cermet in which the Ni is present creates a form of backbone
which suppresses this. Over time the Ni will agglomerate to a point wherein it will shift
most of the smaller Ni particles into larger grains. This has the cumulative effect of
reducing the TPB points, reducing the potential electronically conducting pathways
(thus increasing electronic resistance), as well as changing the porosity in the cell
(normally leading to larger pores in some areas whilst removing some in other
sections). Understanding how these changes occur, and what the major
determinates and the rates of alteration are, is an important field for the improvement
of SOFC testing and development, especially if combined with accelerated testing.
Methods to improve long-term performance of anodes include careful control of mean
particle size distribution (PSD) of Ni particles, sintering procedures, and operating
conditions which reduce growth of Ni particles and Ni volatilisation through optimal
steam content and flow rates. Impurities in the original powder and/or fuel stream can
lead to a significant drop in performance, and pre-treatment for removal of impurities
can lead to improved lifetime of the anode[8-10].

An example of stack performance

degradation is given in Figure 1-4. It shows the operating temperature, current and
voltage as well as overall power for the stack over 6000hours. The work, undertaken
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at Forschungszentrum Jülich, is a comparison of a number of different cells and their
respective power out and operating temperature. The degradation is represented by
the overall loss of voltage over time.

Figure 1-4 Long term testing of an SOFC stack with an LNG/H2/H2O anode
fuel mixture. 18 individual cells made up the stack (U1-18), the current draw j
was kept at 0.5 Acm-2 unless interrupted, the power P was >2.5kW at all times
and the two thermocouples T9/10 measured 700°C [11].
Data regarding the microstructural changes that take place in an SOFC are often
limited in their scope (due to time or equipment constraints). The significant
permutations of material utilisation in the cell manufacture can lead to noncomparable data. The most common material selection for SOFCs are Nickel–Yittria
Stabilised Zirconia (Ni-YSZ) anodes, YSZ electrolytes, Lanthanum Strontium
Manganate (LSM) cathodes and ferritic stainless steel interconnects [12, 13].
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Electrolyte degradation is often either mechanical, i.e. the cell delaminates or cracks,
or loses ionic conductivity, normally caused by a shift from the higher ionic
conductivity of the cubic phase to the less conductive tetragonal phase. LSM as well
as Lanthanum strontium cobalt ferrite (LSCF) are the two most common cathode
materials. The cathode can suffer similar mechanical failure as the electrolyte, where
delamination and similar effects can lead to near if not complete failure of the cell.
However, currently the major focus looks to deal with contamination by particles in air
stream, migration of constituent atoms through the electrode, and contamination by
dissociation from the steel interconnects (used for current collection and fuel
channels in many cells). Significant research looking to mitigate the chromium
poisoning has been undertaken, most of it looking at ceramic spinel coatings of the
interconnect to improve the lifetime of the cell cathode.

The use of a variety of different ceramic components such as Scandia and Ceria
dopants instead/alongside of Yittria have shown promise as alternative material
composition for lowering the operating temperature to help reduce degradation rates
as they offer higher ionic conductivity. Much of the research into alternative material
compositions in anodes, however, looks to mitigate anode deactivation, but often
introduces new obstacles to overcome in terms of product commercialisation.
Different ceramic materials which make up the anode SOFCs should theoretically
provide the same backbone support for the Ni (if used), and thus the analysis of Ni
could prove beneficial to a multitude of different anode materials. As Ni is commonly
used in cermet materials with alternative ceramic components to YSZ.
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1.3 Thesis Objective
Whilst understanding how initial microstructures are affected by operating
temperatures and conditions could benefit the optimisation of the manufacturing
process, it is in the task of accelerated testing in which this data could prove even
more useful. Accelerated testing is studying the particular materials or components of
machinery or equipment in a compressed timeframe and/or extreme environments to
allow for cost effective testing of items to determine their approximate lifetime in a
reduced length of time. Originally used extensively for military equipment as a means
of determining the lifetime of weapons and equipment, it is now a commonly utilised
technique in many mechanical and electronic fields [14]. The technique commonly
utilises higher than normal operating temperatures for testing components. This
generally leads to an accelerated rate of degradation for the component or item. It
may also operate under significantly increased operating parameters (pressure, flow
rate, etc.) with the aim to draw a compressed timeline of the particular item under
normal operating conditions (which would produce a baseline lifetime as shown in
Figure 1-5).

However SOFC fuel cell components normally operate in temperature ranges from
600-900°C, so a ramped temperature may not give a linear response to operating at
elevated temperatures. In particular many of the ceramic materials in the SOFC
undergo phase changes above 1000°C, causing significant degradation as the cells
perform and respond differently than under normal operating conditions. Additionally,
SOFC components do not have moving components in the same way a combustion
engine does or a trigger on a gun, which could normally be cycled repeated to
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determine lifetime usage for certain components. This all leads to SOFCs being
unable to be tested by the standard methods for accelerated testing protocols.

Projection of an Accelerated Test
0.85

Voltage (V)

0.8
0.75
0.7
Normal test

0.65

Accelerated test

0.6
0.55
0.5
0

2000

4000

6000

8000

10000

12000

Time (hours)

Figure 1-5 Accelerated testing example plot showing change in operating
voltage over time, highlighting how normal testing time periods can be
compared to accelerated tests.

Recent work by Weber et al [15] has highlighted the inherent complexities of testing
complete fuel cells at “aggravated” testing regimes, due to the potentially different
degradation mechanisms all having an impact on the overall degradation in the cell.
Cathode materials experience a low amount of moisture present in the air stream due
to environmental humidity; this has been augmented in accelerated testing for the
cathode to establish the relative lifetime of that component. However, in anode fuel
streams water is generally present as steam, since it is formed in the reactions taking
place at the TPB, so that relatively small increase in the volumes of steam may lead
to only minor increases in degradation rates (compared to the cathode). Literature
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has suggested steam and temperature have important roles to play in the
degradation rate in SOFC anodes [16-19]. With this information is it believed that
higher operating temperatures and steam content may lead to an increased rate of
degradation for SOFC anode materials. In particular, it is thought that higher
temperatures and steam content will have a significant influence on the rate of
growth/change of Ni particles in the anode, and the subsequent degradation in the
cell. Thus if we know that a cell operated at higher temperature and steam content
reaches a value for its mean particle size distribution a certain degree faster than one
operating at lower operating conditions (whether steam or temperature), a novel
design or material combination could be tested at these higher extremes to indicate
the longer term performance change over time expected at lower conditions. If these
conditions can be linked with more standard operating values then it opens up the
opportunity to achieve faster test protocols, saving valuable time and money for
laboratory and industrial researchers.

By developing a portfolio of data regarding the impacts of temperature and steam, an
effect model will be developed to predict with a degree of accuracy the change in Ni
particle radii, and from these further estimates of performance change will be
projected. By furthering the understanding of the microstructural impacts of fuel and
temperature conditions better optimised microstructures and operating conditions can
be outlined to help improve the overall robustness of the SOFC systems. Also new
developments or changes could be evaluated through this model to help determined
expected outcomes for the longevity and overall effectiveness of the cell.
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This thesis will report on the results of exposure tests of Ni-YSZ anode samples
under varying steam content atmospheres. This data will be analysed for trends or
patterns and further utilised in modelling. The microstructural data will be evaluated
to determine TPB points based on 2D imaging. The models will utilise the same
operating conditions to predict the change in mean Ni particle size over time, which
can further be utilised to determine changes in TPB length and conductivity in the
anode.
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CHAPTER 2

State of the Art

2.1 Materials Available for use in SOFC Operation
As each type of fuel cell is distinctly defined by its type of electrolyte, so too is each
type of SOFC heavily defined by its electrolyte choice. As the focus of this research is
investigating Ni-YSZ anodes, it is also worth understanding how different materials
are being investigated to work around or compensate for Ni-YSZ deficiencies as well
as if there may be possible similarities in how this research can be applied to others.

2.1.1 Electrolyte Materials
Requirements for a suitable electrolyte are that it must be stable in both oxidising and
reducing atmospheres whilst having suitably high ionic conductivity. It must have a
low electronic conductivity as well as also being capable of gas tightness when
applied as a thin layer between the anode and cathode [21]. The thermal expansion
coefficient (CTE) of all other SOFC components (anode, cathode, interconnects) are
chosen such that they match the electrolyte CTE so as to not cause any mechanical
stress on this key component during thermal cycling. The thickness of the electrolyte
influences the ohmic resistance and thus its capability of being as thin as possible is
a key issue in increasing SOFC performance.
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Figure 2-1 An Arrhenius plot of some of the most common oxide ion
conductors, showing a log plot of the conductivity multiplied by degrees Kelvin
over the inverse of the temperature [22].

The Bismuth oxide shown in Figure 2-1 highlights its superior ionic conductivity
compared to most others, however due to its high sensitivity to reducing
environments it is unsuitable for a fuel cell electrolyte [22], thus reinforcing the fact
that multiple aspects need to be considered when choosing the electrolyte.

For transfer of the oxygen ions through the electrolyte (and the anode and cathode),
an unoccupied site must be available providing a path with minimum obstruction.
These unoccupied sites exist in the form of vacancies on the oxygen sublattice,
provided by interstitial oxide ions or via oxide ion vacancies. For pure oxides such as
ZrO2 and CeO2, the relative number of existing defects is low, which is why most
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materials used for SOFC ionic conduction have the aliovalent dopants added, as the
difference in charge needs defects in the form of interstitials or vacancies to maintain
the electroneutrality in the material. As the ionic conductivity rises linearly with dopant
concentration [21], it would be logical to assume that a value close to 50-50 mol%
would result in the optimum conductivity, however, this maximum value is reached
significantly earlier, and is often below 10 mol% for Zr systems, as seen in Arachi et
al’s work [23]. This has been attempted to be explained by authors [23-26], and is
usually attributed to mismatch in size between the dopant and host cation.

For cubic fluorite structures (MO2), a metal cation in a tetravalent state is needed
such as Zr4+ or Ce4+. Dopants such as the aliovalent (cations having a different
charge to the given material such as Zr4+) trivalent cations (Y3+) are added to the
ZrO2 to stabilise it allowing the formation of cubic fluorite structures at lower
temperatures. Ceria (CeO2) can form fluorite structures without the need for dopants
to stabilise it. The advantage of the cubic phase over the tetragonal one available to
YSZ is the greater freedom and thus ease of movement for the ions in the lattice
structure, and this is generally true for all electrolyte materials which have a
favourable phase. Figure 2-2 shows an example of how the ions transport
themselves in the cubic lattice structure. Also, any change between cubic and
tetragonal phase during thermal cycling need to be avoided to reduce mechanical
stress and rapid degradation of the electrolyte layer.

Page 19-240

Figure 2-2 An example of oxygen diffusion through a cubic fluorite YSZ
structure via the vacancy diffusion mechanism. The vacancy would shift from
1st position to 2nd [27].

2.1.1.1 Scandia
Scandia stabilised Zirconia (ScSZ) is applied for investigating intermediate
temperature systems (600-800°C), as it provides a higher ionic conductivity
compared with YSZ. As with yittria stabilised zirconia, it is used to help maintain the
cubic phase, however it is found that for dopant concentrations less than 10%
significant ageing occurs in the electrolyte upon annealing at 1000°C [28]. Some
material combinations also include Ce alongside the Scandia as a dopant as it also
helps with stability [29], and has encouraged research into so called “co-doping”
materials, such as Y [30], Yb [31], Ho [32].
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2.1.1.2 Ceria
Ceria has been proposed as an alternative to zirconia for the electrolyte material, in
particular for low to intermediate temperature SOFCs, as like Scandia doped Zr it has
a higher conductivity in these regions [33]. It has the same fluorite structure as found
in Zr. To improve conductivity a variety of dopants have been investigated including
Sm, Gd, La, Y and Ca [33-36]. Ceria based cells can be reduced in low oxygen
partial pressure environments, such as those found on the anode side. This can lead
to electronic conductivity, thus reducing the efficiency of the cell by internal shortcircuiting across the electrolyte. To avoid this feature it is recommended that the cells
are operated at low enough temperatures (<600°C) to avoid electronic leakage [37],
although thin coatings of Zr can be used to prevent this [38].

2.1.1.3 Perovskite and Perovskite Related Electrolytes
Perovskite oxide materials generally take the form of ABO 3, as shown in Figure 2-3
The A and B components need to cumulatively reach a +6 charge and how they do
this can vary and thus gives rise to a large number of combinations (+1/+5,
+2/+4,+3/+3, etc). Due to the fact that they are capable of being both good ionic and
electronic conductors they are often used in SOFC electrodes [39], and ones used
specifically for the electrolyte need to be designed to mitigate the aspect of electronic
conductivity. Much like fluorite structures they can be designed to have an optimal
number of unoccupied sites or beneficial defect chemistry. In ABO3 perovskites a
system exists where a relationship between the A and B cations creates a “critical
triangle” [40], which influences the electric properties of the material. Thus care in
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terms of both cation size matching is necessary for appropriate electrolyte suitability
[41].

Commonly used or researched perovskite materials include LaAlO 3 and doped
LaGaO3 (which includes La0.8Sr0.2Ga0.8Mg0.2O3−δ (LSGM) [42, 43] and (La, Sr)(Ga,
Mg, Co)O3 (LSGMC) [44]). They are more stable than ceria based electrolytes in
reducing atmospheres but have a higher associated cost due to the gallium oxide
and a high sintering temperature [22]. Also of interest are TiO3 based electrolytes,
which show high transport numbers among lower temperature perovskites [45].

Brownmillerites can be described as an oxygen-defective perovskite in terms of its
structure, and most of the relevant research on this material focuses on maintaining
its cubic phase through substitution [46]. It also is unstable in wet atmospheres as
well as reactive with CO2. It has the feature of being protonically conductive below
~600°C, which makes it potentially more appealing for low temperature SOFCs [4749]
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Figure 2-3 Depiction of a cubic perovskite crystal structure. An example of
potential material usage would be A) Sr, B) as Ti and X) as O. Image adjust
from source [50].

Pyrochlores have a perovskite related structure, and thus can function as suitable
electrolyte materials, however they suffer from a limited functional oxygen partial
pressure range [51]. They do, however, intrinsically come with oxygen vacancies for
transportation [22]. They include materials such as gadolinium titanate (Gd 2Ti2O7)[52]
or Y2Zr2O7 [53].

Lastly there exist high-temperature proton conducting perovskites, which operate like
the lower temperature polymeric fuel cells, but at relatively elevated temperatures
>400°C. The most common of these are barium based, and as the activation energy
for migration in protons is lower than for oxide ions they can provide higher relative
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conductivities. However, stability is an issue and reactivity with common gases in the
form of H2O and CO2 can lead to issues [54].

2.1.1.4 Novel Electrolyte Materials
A number of non-fluorite/perovskite crystal structure electrolyte materials exist and
can include a large number of distinctly different materials which provide similar
desirables but in very different ways. These are often newly discovered materials
which, if optimised further, could improve on the current standard (YSZ), which is
further along in terms of its development. These include materials like lanthanum
apatite silicates [55], which offer significantly improved ionic conductivity at
intermediate temperatures but current synthesis mechanism require very high
temperatures (1300°C), and thus alternative methods are a focus of research [56].
Another example is La2Mo2O9 (LAMOX) compounds which offer a different crystal
structure to those commonly found in the fluorite/perovskite materials whilst still
offering potentially high ionic conductivity [57]. CTE values for LAMOX are normally
higher than those found in most electrode materials [58], and need to be optimised
accordingly. Also, a phase change present at higher temperatures from the lower
temperature cubic into a monoclinic phase results in a loss of conductivity which
careful control of dopants and substitutions seek to mitigate [59].

2.1.1.5 YSZ Electrolyte Degradation
As the most commonly used electrolyte material in SOFCs, YSZ degradation has
long been an area of investigation. Barring the potentially devastating effects of
impurities in the bulk powders, the major loss in performance in electrolytes is due to
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the permanent loss of oxygen ion vacancies, and that over time, depending on
temperature and initial phase composition, can cause these higher conducting
phases to change into the lower conducting variants. The most common explanation
for the loss of ionic conductivity relies on the chance for a phase change of the YSZ
from its initial phase (cubic) into a tetragonal phase [60-63]. Work was done on YSZ
yittria balancing and found 9.5/10 mol% to be optimum due to lack of tetragonal
phases which have lower ionic conductivity. At these values the cubic phase is stable
and has a much lower degradation rate [60, 61, 63]. Haering et al [28] suggested that
ageing promotes tripoles, which are more stable than dipoles. However the precise
reason for this trend is unknown.

Impurities can lead to problems at grain boundaries, giving rise to formation of glassy
phases not reported at high temperature, but could be true for lower temperature [6365]. One problem found is that Si is a serious containment [66] and thus methods of
removal of Si is one potential way to increase long term performance. Most impurities
are found in initial powders [8, 9]. Different methods for cleaning the impurities from
YSZ samples (in particular Si) have been suggested [67, 68]. Careful control of
dopants, their composition, the sintering procedure and temperature can all help
control loss of performance in a given electrolyte.

2.1.2 Anode Materials
As Ni-YSZ is the core focus of the thesis it is covered in more detail later, however
like the electrolyte section it is worth understanding the various anode materials
under investigation in the field of SOFC research.
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The core requirements for a good anode material include:
-

High electronic conductivity

-

Good ionic conductivity

-

Thermal and chemical stability

-

Reduction stability

-

Thermal expansion values match those of other materials, specifically the
electrolyte

-

Catalytic function for choice of operating fuel.

A comparison of DC conductivities for various anode materials is shown in Table 2-1,
along with other relevant data points such as their cost or operating temperature
where important. It is worth noting that the table is geared towards highlighting the
potential performance at 800°C which favours some more than others as conductivity
is not always linear in its performance relative to temperature.
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Table 2-1 DC conductivities of materials developed as anodes for SOFCs at
800°C, as presented by Shaikh et al [12].
Materials

DC

Advantages/Disadvantages

References

conductivity
(S cm−1)
Sc0.1Y0.1Zr0.6Ti0.2O1.9

0.14

Operate at high temperature

[69]

La0.8Sr0.2Fe0.8Cr0.2O3

0.5

Low conductivity

[70]

La0.8Sr0.2Cr0.95Ru0.05O3

0.6

Expensive

[71]

Cr1−xNixO3

5.03

Carbon deposition

[72]

Sr0.88Y0.08TiO3

64

High operating temperature

[73]

CrTi2O5

177

Expensive

[72]

Ni–YSZ

250

High operating temperature

[74]

Ti0.34Nb0.66O2

340

Expensive

[75]

LaSrTiO2

360

Compatibility issues

[12]

Ni–SDC

573

Coke formation

[74]

(La0.7Sr0.3)1−xCex–

Coke formation, electronic
Ni–GDC

1070

performance degradation

[74]

Improved electronic
Cu–CeO2

5200

conductivity

[76, 77]

Good thermal expansion and
Cu–GDC

8500

electronic performance
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[78]

2.1.2.1 Ceria, CGO Based Anodes

Ceria and copper have seen significant interest as an alternative to zirconia and
nickel, respectively [79-81]. Copper has the advantage of being a relatively inert
metal and thus better suited for carbonaceous fuels, as well as having a high
electronic conductivity [82]. As previously mentioned, ceria has shown good
conductivity for intermediate temperature fuel cells and is commonly seen as a doped
ceramic component, often with Gadolinium (CGO) [83], combined with a variety of
electronically conductive materials such as Ni, Cu and Co. Gadolinium-doped ceria
(CGO) Ce0.9Gd0.1O1.95 has also shown carbon deposition resistance [84]. Work has
been done on Ni-GDC anode materials for different operating fuels including ethanol
[85], as well as modelling research into suitability and electrochemical activity for
internal steam reforming (including Au/Ni-GDC based cells) [86]. Iron as a dopant is
quite common alongside Ni, and work involving GDC cermets has shown promise in
areas that use bi-metallic anodes for lower temperature operation [87]. The iron acts
to reduce cell overpotential, and may help with coarsening at lower temperatures.
Other areas focus on novel manufacturing techniques alongside very different
materials selections such as the solution combustion synthesis (SCS) method for
producing a CeMnFO (CMF) anode material for SOFC [88]. Ni1-xCOx-CGO is another
example of CGO, where alloying the Co and Ni has resulted in improvements to the
overall performance [89].
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2.1.2.2 Scandia Based Anodes

Scandia-ceria-doped zirconia electrode and electrolyte materials have been
investigated owing to their improved ionic performance at reduced operating
temperature [90-92]. Scandia based cells offer the opportunity to lower the operating
temperature of the cells to an intermediate level (600-800°C), which, as previously
mentioned, can help improve the long-term stability of the cells. For Sc based anode
materials the literature seems to have similar performance to its YSZ counterpart
cermet. Sumi et al [93] showed improved performance for ScSZ-Ni anodes for
humidified methane in a 2500 hour test, due to the formation of whisker-like graphite
rather than the amorphous graphite formed on normal YSZ anodes. Kishimoto et al
[94] conducted a study on ScCe based Ni cermet materials. They found that their
cermet material had issues with the reduction of NiO to Ni metal during reduction,
suffering a phase change from cubic to tetragonal phase, rending the performance
significantly reduced from onset of operation. Somalu et al [95] studied Ni/10ScSZ
and Ni/10Sc1CeSZ fabrication and characterisation of a cermet anode. Sc based
electrodes performed better with regards to electronic conductivity and electrode
polarisation when doped with Ce, and both materials exhibited improved tolerance
towards carbon deposition compared to Ni-YSZ.

2.1.2.3 Perovskite Based Anodes

Perovskites based anodes have the advantage of structural stability under redox
cycling, a significant improvement on the relatively limited resistance that Ni-YSZ

Page 29-240

ones have. They have limited activity to hydrocarbon cracking as well as resistance
to sulphur and other fuel impurities, however their electronic conductivity is lower
than that found in NI-YSZ anodes, and are thus sometimes used in composite
anodes to balance for this. By careful selection of appropriate dopants as described
previously in the perovskite electrolyte section, you can create a mixed ionicelectronic conductor (MIEC). Most of the focus on new materials deals with carbon
tolerance [96] and the ability to cope with impurities such as sulphur as previously
discussed. Perovskite materials represent an interesting area of focus [97], as their
lack of Ni circumvents issues for the standard Ni-YSZ anode. However, they
inherently have lower electronic conductivity, and so a lot of research looks to find a
composition where the conductivity is high whilst still offering their inherent benefits
[98]. LaSrCrMn anode materials have been looked at, which show good redox
stability at high temperatures, but poor catalytic activity compared to Ni.
Nanocomposite formation of the

cermet showed improved performance/lower

electrode polarisation resistance [99]. LaSrCrMn perovskite anode materials have
been tested with methane with a specific interest in the influence of lattice oxygen
stoichiometry. As with other studies in this field the material shows great promise if a
significant improvement in performance is possible [100]. Development of a LaSrTiOYCeO (LST-YDC) composite anode uniquely found that when 0.5% H 2S was present
in syngas a power increase was noted, however, more than 0.5% did lead to issues
[101]. Using various perovskites can also offer different opportunities with electrolyte
materials [102], as they also share similar CTEs and can have similar
application/manufacturing techniques/procedures.
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SrTiO3, when exposed to a reducing atmosphere or certain dopants shifts from Ti4+ to
Ti3+ ions. This strips oxygen from the lattice, creating oxygen vacancies and electrons
which greatly increase the ionic and electronic conductivity of the material [103].
Having the perovskite formula ABO3, when doping the A site with trivalent cations
such a La3+, there is an increase in electronic conductivity due to the increased
charge on the donor [104]. This performance has seen further improvements through
partially replacing the Ti4+ with cations such as Ga3+. Due to the coordination
flexibility of Gallium it improves the

redox stability and as well as the overall

reduction process [105].

2.1.2.4 Manufacturing Improvements for SOFC Anodes

Alongside different material compositions, varied methods of manufacturing have
seen interest to either improve overall performance or reduce cost/time. This includes
novel approaches such as solution precursor plasma spraying [106], atomic layer
deposition [107] and wet impregnation/infiltration technique based composites [108110], many of which show equal or greater performance than conventional
manufacturing techniques like tape casting due to factors such as being able to
extend the TPB length and increase overall microstructural control.

2.1.3 Cathode Materials
Focus in the area of cathode research and development generally looks to resolve
the most pressing issues in the field, and can include the designing of new
compositions and microstructures to overcome current limitations, improving the
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understanding of the oxygen transport mechanisms in different types of cathode
materials, as well as the effect of operational conditions (such as temperature and
thermal cycling) on those materials. The design requirements for SOFC cathodes
[111] include:



High electronic conductivity (preferably more than 100 S/cm in an oxidising
atmosphere);



Minimum mismatch between the coefficient of thermal expansion (CTE) values
of the cathode and other sections of the cell, examples of which can be seen
in Table 2-2 ;



Good ionic conductivity;



Chemical compatibility with the electrolyte and interconnect materials;



Sufficient porosity for O2 gas diffusion;



Good stability under an oxidising atmosphere;



High catalytic activity during oxygen reduction reaction.

Part of the reason for cathodes being the focus of interest in lower operating
temperatures specifically is a result of the fact that the rate of increase in cathodic
polarisation resistance is larger than the respective ohmic polarisation increase for a
comparable drop in temperature, and thus becomes the dominant limiting effect on
cell performance [112].
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Table 2-2 Composition and Thermal expansion coefficient (CTE) for certain
cathode materials [113]. Values similar to YSZ’s CTE of 10.5 x10-6 [114] are
desirable to prevent mechanical stress during thermal cycling.
Composition

CTE (10− 6K− 1)

La0.99MnO3

11.2

La0.69Sr0.30MnO3

12.8

LaMnO3

12.5

La0.7Sr0.3MnO3

11.8, 12.0

La0.9Ca0.1MnO3

10.6

La0.7Ca0.3MnO3

10.5

2.1.3.1 Perovskite Cathodes

As discussed previously in the electrolyte portion of this section, the perovskite
materials have a general formula of ABO3, where A and B represent cations which
cumulatively possess a net charge of +6 [115]. The A sites are occupied mainly by
rare earth metals and alkaline earth metals. These metals are lower valence cations,
and can be either a single metal cation or a mixture of different metal cations (La, Sr,
Ca, etc). These cations have a larger ionic radii compared to the B site cations. The
B sites are occupied by higher valence transmission metal cations (again either a
single metal or a mixture of metals) which possess a smaller ionic radius. Example B
site cations include Ti, Cr, Co and Fe. The A-sites are coordinated by 12 oxide ions
and the B sites are coordinated by 6 oxide ions, as shown Figure 2-4. It is the
octahedral symmetry around the transition metal cations which promotes a
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semiconducting band structure which gives perovskite materials its high relative
electronic conductivity at high temperatures [114].

La1−xSrxCoO3−δ (LSC) is the first reported perovskite material to have be used as
cathodes in SOFCs [116], and LSC is a good MIEC conductor but displays a high
thermal and chemical expansion relative to the ~10.5 x10-6/K seen in YSZ which
makes it difficult to use for SOFC purposes. Strontium doped lanthanum manganite
(LSM) became the most commonly used material for SOFC cathodes after 1973, as
its relative robustness (in terms of chemical and thermal stability [117, 118]) and
overall suitability for higher temperature operation encouraged intensive research.
Lanthanum manganite benefits from Sr doping in terms of increased electronic
conductivity (as LaMnO3 is an intrinsic p-type conductor [117]), changing the crystal
structure from orthorhombic to rhombohedral upon doping, as well as helping to
suppress the chemical reaction which can take place between the LaMnO 3 based
cathodes and YSZ at high temperatures [114]. However, at those higher
temperatures it is particularly vulnerable to chromia poisoning from steel
interconnects. Chromia poisoning is also a serious concern for a number of other
cathode materials, and a number of solutions have been investigated with spinel
coatings of the interconnect being one of the more common resolutions to this
problem [119, 120].
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Figure 2-4 Crystal structures of perovskite ABO3-δ samples showing a) an
example with an oxygen vacancy and b) showing the hopping of an oxide ion
along vacancies in the direction of oxygen migration. Image adapted from
reference [121].

From a stability point of view, with rare earth transition metal perovskites, the largest
ions are most desirable, which in this case is La3+ [122] and part of the reason why
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lanthanum based cathode materials are so prominent in SOFCs. The La 2O3
component can react with the Zr in zirconia-based-electrolytes to form lanthanum
zirconate. When the A site has deficiencies in the ABO 3 formula, it is less reactive to
the YSZ.

La0.8Sr0.2FeO3 (LSF) offers potential as a lower temperature cathode material
compared to LSM due to the significant increase seen in the overpotential of LSM
when operating at lower temperature (500°C) [123]. It has shown good long term
stability and high relative power output (~0.9 W/cm 2 at 750°C) [124-128], however it
does suffer from a lower electronic conductivity.

La(1−x)SrxFeyCo(1−y)O3 (LSCF) has a less severe CTE mismatch and is thus popular
with manufacturers, as the ferroelastic nature of the rhombohedral lattice mitigates
the CTE mismatch with the electrolyte [122]. LSCF with a ceria layer is often used to
prevent reaction with YSZ [129, 130]. LSCF has a much higher CTE [131] than
compared to those seen in Table 2-2, and thus different potential electrolyte
materials are necessary. Due to thermal expansion coefficient compatibility and
stability LSCF is suited for use with GDC electrolytes [132, 133]. Which makes it a
desirable choice for lower temperature SOFCs, as LaxSr(1−x)CoO3 (LSC) alone, whilst
having a higher conductivity than LSM, suffers from cobalt diffusion and some
mechanical issues [125, 133-135]. LSCF suffers from reactions with YSZ electrolytes
and is not suitable to be placed directly on it, thus some research has looked into
placing ceria based interlayers between the LSCF and YSZ to allow for combined
usage [136].
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A large number of variants exist for lanthanum based cathode materials, many
showing promise but are still in earlier stages of their development. For example
(La0.5Sr0.25Ca0.25)MnO3

(LSCM)

cathode

materials

have

shown

long

term

experimental performance (5000h) alongside a samarium doped ceria (SDC)
interlayer [137]. Porosity formation caused by Mn & Ca diffusion from the cathode
was noted, though performance remained stable. However, below 800°C the cell
voltage saw significant losses, which was ascribed to the formation of a dense layer
formed of La, Ca and Mn which prevented O2 supply to the electrode reaction sites.

2.1.3.2 Non-Lanthanum Based Cathodes

Lanthanum is the most commonly used cathode material but, praseodymium,
strontium, gadolinium and yittria have all seen attention for alternative cathode
materials.

Praseodymium cathodes have seen some interest in the field, in particular
PrxCa(1−x)MnO3 (PCM) has shown a very high electrical conductivity with a lower
cathode potential and reactivity to YSZ [138, 139]. Other variants including strontium
doped praseodymium manganate (PSM) have seen attention but have had reactivity
issues with zirconia [140].

Gadolinium based cathodes have seen interest for SOFC applications, unsurprisingly
these show particular promise when used alongside Gd based electrolytes from a
thermal expansion perspective. GdxSr(1−x)CoO3 (GSC) shows low resistances at
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temperatures around 700°C [141], and an overpotential one order of magnitude lower
than LSM at 1000°C (whilst at 800°C) [142]. It can however react with YSZ, in
particular with increasing Sr content. Strontium doped gadolina manganate (GSM)
equally does not react with GDC but does with YSZ and has a reasonable CTE for
GDC [143].

Strontium based cathodes have seen interest as an intermediate temperature
cathode material (500-800°C). In particular strontium-doped samarium cobaltite,
Sm1−xSrxCoO3 (SSC), is a good MIEC and has a high oxygen vacancy concentration
showing promise as a potential cathode material [144]. The interest in SSC has also
resulted in composite cathodes being investigated, [112, 145, 146], for example a
SSC/Co3O4 composite showed a 40% increase in cell performance through an
enhancement of the open-circuit voltage as well as the oxygen surface-exchange
rate. However SSC is less well suited for higher temperatures due to its reactivity
with YSZ and SSZ, and does not perform as well as GSC and strontium doped
neodymium cobaltite (NSC) [147]. Other variants of strontium doped cathode
materials have been investigated including bismuth and neodymium [148]. NSC has
shown comparable properties to GSC with a GDC electrolyte [20] and Bi2Sr2CaCu2O8
(BSCCu) has shown good resistance properties on GDC for lower temperature
operation [141].

Yittria-doped

cathode

variants

exist

and

Y(1−x)SrxCoyFe(1−y)O3

(YSCF),

Y(1−x)CaxCoyFe(1−y)O3 (YCCF) and YBa2Cu3O7 (YBCu) have shown suitability for
intermediate temperature fuel cell application (~800°C) alongside SDC electrolytes.
They have higher overpotential than LSCF but lower than LSC [20]. For YCCF a
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spinel-type oxide can form with a YSZ electrolyte during fabrication but was shown to
have negligible growth during operation [149], suggesting a compatible fit for YSZ
materials also.

2.1.4

SOFC Interconnect Materials

Ceramic interconnects are the original interconnect material, mainly due to the high
operating temperatures of SOFCs. But development into intermediate temperature
has opened the possibility for metallic interconnect materials. Irrespective of material,
when analysing the suitability of a given material, a number of factors need to be
considered [150-152], including:

-

Maintaining a

high electrical conductivity – Acceptable area specific

resistance (ASR) is considered to be well below 0.1Ωcm2
-

Close match to SOFC components coefficient of thermal expansion (CTE).

-

Good stability in both reducing and oxidising atmospheres. (adequate stability
in terms of dimensions, microstructure, chemistry and phases at operating
temperature in both oxidising and reducing atmospheres up to 40,000h
(service lifetime).

-

Good compatibility with other SOFC ceramic components.

-

Impervious to oxygen and hydrogen to prevent direct combination of oxidant
and fuel during operation

-

No reaction or interdiffusion between interconnect and its adjoining
components.
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-

Good resistance to oxidation, sulfidation and carbon formation.

-

Adequate strength and creep resistance at high temperatures.

-

Low cost, as well as easy to use in fabrication and shaping.

2.1.4.1 Ceramic Interconnects (Lanthanum Chromites)

Historically, the most common interconnect material for high temperature SOFCs
(~1000⁰C) is LaCrO3 (varying compositions). Its values lie with the following features
[151, 153]:



It has a high electrical conductivity under SOFC operating conditions



It has a very high melting point of ~2783K.



It is stable in both cathodic and anodic environments making it suitable for
both anode and cathode sides.



A CTE value of 9.5x10-6 K-1 closely matches that of YSZ (10.5x10-6 K-1)

LaCrO3 has certain disadvantages as a interconnect material, however:



It is a ceramic material, which limits the geometry of interconnects which can
be fabricated.



It is difficult to sinter to a high relative density, and is thus difficult to process
as a hermetic LaCrO3 layer.



La is an expensive rare earth metal
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Ultimately because of the added costs and complexity other materials have been
investigated. But importantly for the investigation of IT-SOFCs (600-800°C) is that the
reduced

operating

interconnects,

temperatures

which

can

be

open

up

relatively

opportunity
less

for

expensive

metallic
and

based

easier

to

fabricate/manufacture.

2.1.4.2 Metallic Interconnects
Metallic interconnects have a number of advantages, in particular they can have high
electrical and thermal conductivity, low cost, ease of fabrication, are readily available
as well as having adequate mechanical strength [154, 155]. Table 2-3 highlights a
number of these features for the most commonly investigated metal interconnect
materials.

Table 2-3 Description of key properties of potential metallic interconnect materials,
including Cr based alloys (CrBA), ferritic stainless steels (FSS), austenitic stainless
steels (ASS) and Fe and Ni based super alloys (FeBSA, NiBSA) [156].

Chromium based alloys can operate in temperatures up to 900-1000⁰C and they
have very high electrical conductivity compared to other oxides, but invariably lead to
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chromium poisoning for the cathode side and excessive chromia growth (which
causes spallation after thermal cycles) due to the high chromium content [152, 155].
Also, oxide dispersion strengthened alloys are more difficult and costly to fabricate.
These factors make it highly unlikely to be used for large scale SOFC interconnects.

Ni-Cr based alloys show high oxidation resistance as well as electrical conductivity
and have high mechanical strength [157-159]. However they have a relatively large
CTE compared to the anode/electrolyte/cathode material values seen in SOFCs, and
are some of the more expensive materials in terms of cost [160].

Fe and Ni super-alloys are both face centred cubic (FCC), which means that their
CTEs are sufficiently different to cause issues during operation with standard YSZ
components. Alternative ceramics alongside alloys with lowered CETs would be the
most likely way to manage to incorporate these super-alloys into use as interconnect
materials, despite having many suitable features for operation as an interconnect
material [156].

Stainless steels offer the lowest cost option for interconnect materials. Ferritic and
austenitic steels are the two most suited types due to their mechanical properties and
low cost relative to other stainless steels. Due to the fact that body centre cubic
(BCC) structures have a lower CTE than FCC ones [153] (and closer to YSZ’s CTE),
ferritic stainless steels offer the most suitable choice for interconnects [119]. A
minimum Cr content of 20-25 mol% is needed to develop a protective layer in the
form of Cr2O3 scales [4]. Also ferritic alloys benefit from simpler processing methods
[154, 161, 162]. Chromia scales can however grow to such high levels as to raise the
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ASR to unacceptable ranges when operated at intermediate temperatures.
Vaporisation of Cr can lead to severe degradation of the electrical properties of the
SOFC on the cathode triple phase boundary layer [163]. This has led to the
development of coatings to mitigate excessive chromia scale growth and Cr
poisoning, whilst still taking advantage of the CTE and reduced cost of ferritic steels.

Gas sealant options used to prevent gas permeation can influence the suitability of a
specific interconnect material. Interactions with the SOFC components and its
suitability for the chosen operating conditions has led to a number of options being
investigated [164].

Cost however tends to be the most limiting factor and most of the research and
development has focused on ferritic stainless steels for use as interconnects. Thus a
large amount of research has gone into developing coatings and techniques for
improved operation and longevity alongside reduced cost.

2.1.4.3 Coatings
Coatings should be able to suitably mitigate or improve the ferritic steels whilst also
remaining cost effective. For a coating to be viable it should have the following
characteristics [156].

1. Diffusion coefficients of Cr and O in the coating should be as small as possible
so that the transport of chromium and oxygen can be effectively hindered.
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2. It should be chemically compatible and stable with respect to substrate,
electrodes, sealing materials and contact pastes.
3. It should be thermodynamically stable in both oxidising and reducing
atmospheres over the applied temperature range.
4. It must have low ohmic resistance to maximise electrical efficiency.
5. CTE should be well matched to substrate so that the coating is resistant to
spallation during thermal cycling.

A selection of suitable material types are presented in Table 2-4, highlighting the
materials respective conductivity, Cr mitigation, oxidation reduction and processing
simplicity.

Table 2-4 Comparison of some of the available coatings techniques and their
properties, including electronic conductivity, Cr inhibition, oxidation reduction
rate and deposition complexity [120].
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2.1.4.3.1 Reactive Element Oxides
Reactive element oxides (REO)s are regarded as the first generation of steel
interconnects coating material [120]. Based off elements such as Y, La and Ce, they
can reduce the oxidation rate and ASR of the substrate [165]. However due to the
thin and porous layer that they coat the substrate with, they offer no Cr poison
mitigation, and are thus unsuited for the long term role of the coating [120].

2.1.4.3.2 Perovskite Coatings
On top of the properties already attributed to perovskites they are capable of some
mitigation of Cr poisoning. They have a number of possible application techniques,
but many suffer from an inefficient deposition method (multiple/uneven coatings).
Importantly, they do not help reduce oxidation rates. LaCrO3, [166, 167] LSM [168].
LSCF [169], LSC & LSF [170] are all examples of tested perovskite coatings used for
SOFC steel interconnects.

2.1.4.3.3 MAlCrYO coatings
Metal (M) AlCrYO is normally used on coatings for gas turbines and other high
temperature applications, but the addition of Mn and/or Co can provide suitability for
interconnect coating applications [171]. A low ASR can be achieved, as it is effective
in reducing Cr release from the surface of the interconnect.
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2.1.4.3.4 Nitride Coatings

Nitride coatings have low resistance and high temperature stability (also high wear
resistance) [172]. Limitations include high capital cost and low deposition rate. Also
importantly, nitride is not quite stable at temperatures above 600°C [156].

2.1.4.3.5 Spinels
Spinel coatings have the general formula AB2O4, with the A and B sites being either
divalent, trivalent or quadrivalent cations in tetrahedral or octahedral sites and anions
in the form of oxygen on a face centred cubic (FCC) lattice site [120]. Spinels have
good electrical conductivity and importantly good Cr mitigation abilities. They have
simple and effective methods of processing, but suffer from moderate oxidation
reducing properties. RF sputtering, screen printing, slurry coating, plasma spraying,
electro-deposition and anodic electro-deposition of aqueous solution followed by heat
treatment have all been used to coat steel substrates [120, 158, 173-176].
NiO/(Ni,Fe,Cr)3O4 [177], (Co,Mn)3O4, (Cu,Mn)3O4 [120] and Mn0.9Y0.1Co2O4 [178] are
all examples of potential spinel coatings.

Composite spinels, formed with reactive oxide elements, offer improved oxidation
rate reduction over normal spinels, without any notable drawbacks (except perhaps
cost) [179]. This is because the spinels produced have a denser, finer grain structure
resulting in a more protective spinel [180]. Electro-deposition is the method of choice
for composite spinels, which allows a single stage process which provides uniform
application of the solution [120].

Page 46-240

Of the available techniques, spinels (and composites) are the only coatings which
can adequately reduce the Cr poisoning for the cathode, and if composite, can also
improve oxidation rate reduction.

2.2 Initial Ni-YSZ Microstructure and Material Selection

The initial microstructure of Ni-YSZ anodes is considered a critical part of SOFC
anode performance [181] . In particular the particle size distribution and fabrication
method can heavily determine long term performance. Due to the nature of balancing
the electrical conductivity of the Ni, the ionic conductivity of the YSZ and the gas
permeability of the pores most Ni-YSZ anodes look to use approximately 60-50 wt%
NiO and 50-40 wt% YSZ for their electrodes. NiO reduces by roughly 40% volume,
which gives the cells ~30 vol% porosity [182].

Typically, anode compositions consist of 8 mol% YSZ, but some work has
investigated alternative compositions of anode material. Jiang et al’s [181, 183]
report design and optimisation of a Ni/ 3mol%YSZ (or Ni/TZ3Y). TZ3Y was found to
have different properties to Ni-8YSZ, but the long term stability of 8YSZ has led to it
being the most prominent choice as electrolyte material and is the most commonly
incorporated as the ceramic component of the anode for thermal coefficient matching
(TEC) [12]. The research highlighted the most critical parameter determining the
anode performance was the particle size and the size distribution of NiO and TZ3Y
powders. YSZ is critical in its particle ratio size relative to the Ni particles, and in its
relation to Ni particle coarsening. Work by Tu and Stimming [184] found that YSZ is
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added in order to support the Ni particles, to inhibit coarsening of the Ni, and to
provide a CTE which is similar to that of the zirconia based electrolyte. Its
degradation rate is marginal compared to the growth rate of Ni particles [185]

The effect of pore formers in initial microstructure is naturally important as the H 2
oxidation reaction is limited by two electrode processes thus optimising the
microstructure will affect both of these. For hydrogen species transport to Ni surfaces
a greater porosity is useful, whilst for charge transfer at the electrolyte/electrode
interface a Ni/YSZ volume is better, which is generally inversely proportional to each
other. Pore formers are often chosen to increase porosity, and these are selected for
parameters such as optimal shape, aspect ratio etc. Work looking into various means
of pore generation have suggested materials such as polystyrene particles to
produce the optimal percolation paths/pore channels for operation of an anode
supported cell [186].
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Table 2-5 SOFC compositional table of NiO/YSZ & Ni/YSZ weights and volumes
including porosity degradation testing data from literature [186].

Early work in the field of Ni particle optimisation [187] investigated 4 different anode
types including fine Ni cermet (0.5-1um particles), coarse Ni cermet (2-3um) , a
porous Ni-paste anode and Ni-felt anode. The fine Ni cermet produced the best cell
performance and most research indicates that smaller Ni particles lead to a more
optimal long term performance and degradation resistance. The polarisation
characteristics of the anode are highly dependent on its morphology. The apparent
activation energy has a distinct tendency towards lower values for fine cermets than
that for coarse cermets [187]. Kim et al [188] highlighted the potential of a composite
of nano-crystallised NiO deposited onto YSZ versus commercially produced powders
as a method of improving anode durability. This study showed an improved
suppression of anode degradation and enhanced long term and redox stability of the
unit at elevated temperatures, which was attributed to the fine initial Ni particle size
which allowed for a more percolated Ni pathway during sintering. Other work looks to
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highlight the potential of in-situ formation of Ni particles in the anode in the hopes to
improve long term performance [189] through a more controlled microstructure. Many
Ni-YSZ anodes make use of an anode functional layer (AFL) with the intended role to
facilitate a greater TPB density nearer the electrolyte surface [190], Analysis of the
samples worked on by Faes et al [17] has suggested that no different degradation
mechanisms take place between the anode functional layer and the support layer.

Impurities in the initial powders used for manufacture and in the gas streams can
lead to significant if not catastrophic failure. Investigating the effect of impurities such
as Mn, Si and Ti in H2-H2O mixtures in the anode (Al, Na, Mg Ca and K can also be
found in some samples), was shown to lead to performance loses as the impurities
were able to block the TPB layers even in tiny quantities [10, 191, 192]. It highlights
the critical importance of high purity Ni for the electrode (where for example 99.995%
purity Ni was shown to be 10 times better than 99.8%Ni in terms of lower polarisation
resistances [192]). A Time-of-flight secondary ion mass spectrometry (Tof-SIMS)
scan issued in Figure 2-5 to show how Si can act to reduce contact between the Ni
and Zr phases via. fuel impurities (sulphur, tar, etc) can also cause serious issues in
cells, especially when they combine/react with trace impurities present from the initial
powder mixture (such as Si) [193]. The effects of the impurities were shown to be
significant on the performance of the cells. However they did also find with their cells
that those units which were operating at OCV before testing (for 440-332 hours)
showed minimal degradation compared to tests which started immediately after initial
characterisation of the cells. Further work [194] attempting to improve the
degradation resistance of the anode was directed at improved manufacturing
methods leading to a more controlled Ni particle size distribution. The suggestion for
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the mechanism taking place was that impurities in the cell material whilst running at
OCV form crystals that future impurities in the fuel are more likely to be drawn to thus
preventing degradation from impure fuel streams. Whether this effect would be
prevalent over 10s of thousands of hours is still unclear.

Figure 2-5 A 500x500 μm Image of a ToF-SIMS analysis of an ZrO-Ni interface
and the surrounding Si causing a reduction in contact. Brighter regions denote
areas of strong signal for the given element [9].

Some research focuses on the use of novel designs of patterned Ni anodes in an
attempt to improve understanding of boundary kinetics [195-200], in the hope of
furthering understanding of Ni particles in SOFCs. The data has especially seen use
for modelling purposes where the values which are difficult to obtain, such as rate
kinetics, are necessary for modelling reactions inside the SOFC.

Other areas aim to investigate different manufacturing and fabrication techniques to
help improve degradation resistance. Designs such as the electroless technique
prepared by Basu et al [201, 202] [203], which involves creating a YSZ core which is
surrounded by Ni particles, in particular look to change the way the microstructure is
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formed to mitigate the normal routes of degradation. This allows in theory for the use
of less Ni without compromising on electrical conductivity. This structure appears to
undergo significantly less degradation when compared to a conventionally fabricated
anode undergoing redox cycling.

Barring the potentially devastating effects of impurities in the bulk YSZ powders[66],
the major loss in performance in electrolytes is due to the permanent loss of oxygen
ion vacancies, and that over time, depending on temperature and initial phase
composition, the higher conducting phases can change into lower conducting
phases[61, 63, 65, 204]. Careful control of dopants, their composition, the sintering
procedure and temperature can all help control loss of performance in a given
electrolyte.

2.3 Transformation in Microstructure

As with any area relating to SOFC research, investigating and understanding the
change in the anode, and in particular the Ni particles, has been a focus of research
for a number of years. Early work by Simwonis [16] is one of the earliest papers
looking to test, analyse and model anode degradation in H 2O/H2 mixtures. A
significant portion of later modelling work is based on these early attempts to
understand Ni agglomeration and coarsening in cells. Agglomeration in the cell
occurs through sintering which includes grain growth and densification and occurs in
two distinct phases: in the earlier phase local bonding is created through neck
formation, and in the later stage pore rounding and pore shrinkage occur. In both
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stages the bulk volume of the sintering particles shrinks [205]. The driving force is
minimisation of the free surface enthalpy of the particle agglomerate.
5 mechanisms are possible to allow for sintering to occur.
-

Volume diffusion (migration of vacancies)

-

Grain-Boundary diffusion

-

Surface diffusion

-

Viscous and plastic flow (caused by surface tension)

-

Evaporation /condensation of atoms on surface

The equation references as describing the sintering mechanism present is from
Kuczynski [206]

2𝑟𝑐 𝑛
( ) ~𝑡
2𝑟

Equation 2-1

Where 𝑟𝑐 is the radius of the neck of the overlapping particles. 𝑟 is the particle radius,
𝑛 is the sintering exponent mechanism and 𝑡 is the sintering time. The mechanism
factors change depending on the suggested phenomenon, so viscous/plastic flow
corresponds to n=2, for evaporation/condensation n=3, for volume diffusion is n=5
and for surface diffusion is n=7. Experimental work done to compare this validate
agreed with the predominant mechanism for sintering in a metal powder to be volume
diffusion [65] in the earlier stages.

Coarsening is when the larger particles grow at the expense of smaller ones, and is
described as Ostwald Ripening. In Ostwald Ripening the thermodynamically driven
process takes place where the more energetically stable larger particles grow in size

Page 53-240

whilst the smaller particles diffuse due to concentration gradients into the larger ones
before being consumed completely assuming no physical/energetic restrictions.
Surface energy minimisation is known to drive Ni particle coarsening, and previously,
albeit not in YSZ cermets, it was shown that the shape of the Ni particles formed into
larger spherical particles [207, 208].

The effect of steam partial pressure in the fuel stream has generally been agreed to
be an important determinant in the rate of Ni agglomeration. Some work found that at
600ºC, there was no effect from steam, whereas at higher operating conditions,
steam accelerates the rate of degradation, as expected [209]. Others have
suggested temperatures as high as 700ºC have limited impact on the degradation
process, whilst 800ºC was shown to induce significant degradation, deeming it to be
a thermally activated process or processes, albeit under high steam partial pressures
(80%-20% H2O-H2) [210]. In the former study, when the obtained data was fitted with
two time constants, at least two growth processes were identified. The perceived loss
in conductivity was related to Ni particle growth and loss of Ni percolation.

In experiments done by Aaberg et al [211], Ni wires were pressed onto YSZ
substrates, which when exposed to various humidified hydrogen atmospheres and
run at anodic overpotentials led to Ni particles being transported towards the
electrolyte surface forming a “necklace” that increased TPB length, as seen in Figure
2-6. This highlighted the importance of contacting and percolation in improving the
activation of cells, without the potentially convoluting microstructural distribution
environment that doing these tests in a cermet might generate i.e. separating one
impacting factor from another.
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Figure 2-6 Environmental Scanning Electron Microscopy (ESEM) image of
sample with section A the YSZ region, B the necklace region of adhering Ni
particles and C the Ni electrode [211].

Sehested et al’s early work on Ni catalysts in industrial reformers has been used to
give an insight into some mechanisms potentially present in Ni-YSZ anode materials
[212]. Whilst in most cases the data is less representative due to its lower
temperatures of 500ºC and high pressure (30Bar), it is often used as a referencing
point on the basic reactions of steam and Ni. Continued examination into Ni particle
behaviour on different supports [213] presented an increased Ni particle sintering
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with higher PH2O/PH2 ratios (10:1). Their equations for particle sintering assume
particle migration and coalescence as the mechanism (which similarly uses the value
𝑛 as seen in Equation 2-1), whilst at higher temperatures Ostwald ripening was
suggested to dominate. So for temperatures <700°C where the particle migration and
coalescence dominates the value used is 𝑛 ≥ 7, whilst for temperatures above this
Ostwald ripening (atomic migration) is more likely to dominate and 𝑛 ≤ 7, thus
speeding the sintering process. Ni volatility appears to be a significant issue in some
research, however, its exact mechanism seems to be unclear, despite the
understanding of Ni volatility in water vapour mixtures being an established field
[214].

Later work building on previous studies for the Component reliability of solid oxide
fuel cell systems for commercial operation (CORE-SOFC) project looked to test
performance and degradation of SOFCs under a number of operating conditions
[215]. With a variety of temperatures, fuel compositions and current densities tested
it represents one of the earliest detailed investigations of SOFC performance and
degradation. Data analysis revealed a critical cell voltage of ~750mV, above which
the degradation rates were trivial but below which they were significant. Different
ageing behaviour is seen with different testing procedures. Previously Mogensen’s
work with Linderoth had indicated back in 2000 that high steam and current values
lead to larger degradation rates. Certain samples underwent activation in the first 50
hours of operation, as so measurements on their loss of performance were taken
after this change in activity. Results were often misleading or were in disagreement
with expected results. Impedance analysis made it clear when the cells loss in
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performance was due to cathodic failure rather than anode degradation. Some of the
data indicated that a superior performing cell had a larger than average Ni particle
size increase after testing, contrary to the suggestion that agglomeration negatively
impacts on performance. However this larger particle size and initial superior
performance does not necessarily represent its long term performance over 1000’s of
hours. What might have been an initial redistribution of particles leading to overall
improvements (due to poor microstructure design for example), may in the long term
lead to similar overall performance degradation. It highlighted that even minor
operational differences

could

potentially lead

to

vastly differing

individual

performances from the cells. Thus care should be taken to ensure that outside
factors which can impact on the cell performance are minimised whilst also keeping
experimental operating conditions as close to their intended function/purpose.

Research has suggested that Ni coarsening is driven by particle curvatures indicated
by dihedral angles between Ni, YSZ and pore phases [18]. It is hypothesised that this
growth occurs mainly due to diffusion and particle agglomeration constrained by a
pinning mechanism related to the YSZ phase. The decrease in Ni phase size after
extended periods of time may be the result of a second process connected to a
mobility-induced decrease in the YSZ phase size or non-uniform curvature resulting
in a net decrease in Ni phase size. Decrease in YSZ phase size due to mobility of Zr
and Zr4+ may result in a decrease of Ni phase size at longer operational times.

The suggestion of a plateau at which Ni agglomeration peaks inside of the YSZ core
structure has been reported in some work [17]. Though the particular time scale for
this is dependent on the fuel composition, initial particle size and microstructure as
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well as temperature, some suggest that the initial ~100 hours are where significant
degradation occurs [216]. Faes et al [17, 19] have reported that no morphological
changes in the anode support versus the functional layer during operation, and that
they found that phase proportions from unreduced to reduced samples correlated
reasonably well with those expected theoretically.

Very high current densities have been reported to lead to rapid degradation or even
catastrophic cell failure in some cases [217]. In cells tested up to 20% H2O it was
found that performance steadily decreased. However in 30% and 40% steam
environments cells suffered significant degradation and then seemingly complete
failure, likely caused by a significant loss of Ni percolation in the cells. The cells may
have also suffered in particular with high steam content due to low porosity affecting
the TPB layer.

They saw longer performance in higher nickel content cermets,

correlating in at least some way to Ni phase connectivity [218]. The authors had
previously done similar work on an anode supported cell with similar results.

Porous Ni pellets pressed against a dense YSZ pellet have been used to help
understand morphological changes in the TPB layer [219]. Lower voltages resulted in
greater local H2O concentration which formed an interlocking effect between Ni and
YSZ as well as a redistribution of densified Ni layer along the TPB.

With the

potentially higher humidity at the TPB compared to the bulk phase, the authors
suggested that local morphological changes were due to enhanced surface diffusion
of Ni and the vaporisation-deposition mechanism of Ni(OH)2 driven by the gradient of
H2O outwards from the TPB to the bulk gas environment.
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Recent short term testing of steam effects on anode materials at higher temperatures
(1000-1200°C) investigated thresholds for significant microstructural degradation. For
values of ≥10% H2O at 1200ºC or ≥40% H2O at 1000ºC, there was notable
degradation in their samples [220]. Whilst 50 hours of testing does not truly represent
a sufficient time to deduce degradation in anode materials, it does suggest that
steam and temperature have either a cumulative effect or constructive effect (as in
waves). The authors have suggested an alternative degradation mechanism
involving YSZ particles being encompassed by the volatile Ni (in Ni(OH) 2 form),
especially under the high humidity stream (and thus may or may not happen with
lower humidity environments) . It was suggested that NiO 2 generates more easily at
the boundaries between the YSZ and the Ni interface.

Work on reducing sintering effects has been studied by Khan et al [221] through the
use of inhibitors in the microstructure. Their attempt at long term degradation
involved 1000°C testing in 25%H2/75% N2. The tests look to be done over 750 hours
for each respective sintering inhibitor combination. Humidification was introduced by
mixing with 12% and 20% water vapours at ~150 hours and 300 hours into the
experiment. The initial introduction of H2O into the fuel stream is shown to improve
the Area Specific Resistance (ASR) in the system. 10wt% GDC added to the
60/40wt% NiO/YSZ was shown to have the most significant improvement in reducing
ASR increase (from 0.0059 h-1 for Ni-YSZ to 0.0009 h-1 for 10wt% GDC) which was
compared to a TPB density change of (0.00121 um -2 h-1 for Ni-YSZ to 0.00037 um-2
h-1).
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2.3.1 Nickel Oxide Reduction

Freshly sintered anodes will contain nickel in its oxide state inside of the anode. This
needs to be reduced a) to improve electrical conduction through the anode material
and b) to improve or otherwise completely generate the porosity for gas transport in
the anode. NiO reduction from the oxide to the metal state Ni follows Equation 2-2
[17] where the values for reduction in volume ∆𝑉𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 are found in Table 2-6
showing the values of NiO and Ni in terms of molar mass 𝑀𝑚𝑜𝑙 and molar volume 𝑉𝑚 .

∆𝑉𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

(𝑉𝑚,𝑁𝑖 − 𝑉𝑚,𝑁𝑖𝑂 )
𝑉𝑚,𝑁𝑖𝑂

Equation 2-2

Table 2-6 NiO and Ni molar mass and volume comparison table [222].
NiO

Ni

𝑀𝑚𝑜𝑙 (g mol-1)

74.71

58.71

𝑉𝑚 . (cm3 mol-1)

11.32

6.60

The volume contraction from the oxide state should match reasonably closely with
mercury porosimetry measurements. This value should be equivalent to a volume
loss of 41% from the respective loss of oxygen in the NiO [223], and an equivalent
mass loss of 21%. By working out the respective radius of NiO and Ni we know that
Ni is roughly 0.835% the radius of NiO. Working out the respective areas produced
from each radii gives a total of ~30% porosity produced in a 2D image from the
reduction, which equates to roughly 15% in a 50/50 NiO/YSZ green mixture.
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Work by Richardson et al [224] used in-situ X-ray diffraction to study the reduction
process in porous NiO. The results indicated that without water present in the gas
(hydrogen) the reduction followed a series of steps: (1) initial reduction of NiO and
the appearance of Ni clusters; (2) increased reduction of NiO as the size of the
clusters increase; and (3) NiO disappears and Ni appears in concert until reduction
slowed at a fractional conversion of about 80%. With added water this reduction
process slowed down (which was enhanced at lower temperature). These
experiments were however done at a low temperature range compared with Ni-YSZ
anodes (175-300°C), and so may present a different reduction process than those
commonly present in SOFC anodes.

Work by R. Sharma [225] used environmental transmission electron microscopy
(ETEM) to help determine nano-structural and kinetic information regarding the
microstructure of their sample. In particular it allowed for in-situ temperature and/or
temperature resolved analysis, which is particularly important for understanding the
dynamics in NiO-YSZ reduction.

Jeangross over a number of years [226-229] has done work investigating NiO
reduction. Much of the work describes the process for using energy-filtered
environmental TEM to successfully describe quantative local measurements of both
the chemistry and microstructure in a NiO-YSZ anode [227]. A suggested activation
energy for NiO reduction of ~70kJ/mol was determined from their analysis, which was
comparable to other literature values. In their work the temperature was raised up to
600°C under reducing gas to analyse the change in microstructure. A model for the
suggested reduction method of NiO was given from theirs and previous work. Initial
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at a) hydrogen adsorbs and dissociates onto two Ni atoms, with an oxygen vacancy
beside them, then b) at around 350-400°C the Ni clusters increase in size and
hydrogen adsorbs directly onto the surface then desorbs as water. In c) the pores
from within larger particles whilst smaller ones shrink to allow for the volume loss
which is created from the reduction process. Steam present begins to block or restrict
access to active sites. In d) some of the NiO is restricted by Ni layers which prevents
access further which is exacerbated by steam, lastly in e) the system has reach
600°C and surface energy minimisation cause the smaller grains to become part of
larger grains.

Figure 2-7 Suggested model for NiO reduction by Jeangros et al [228]. The blue
represent NiO progressively being reduced to the red Ni metal, highlighting
how varying reduction paths can affect the access to the NiO material.

Further work on the effect of NiO/NiO grain boundaries and how they change during
reduction [229]. The initial NiO/NiO interface can affect which sites are most likely to
be reduced and form percolated networks during activation. Incoherent NiO/NiO
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boundaries detach during activation. Small impurities are investigated and the oxide
films created from elements such as Si and Al lead to supported Ni nanoparticles that
precipitate from volatile Ni hydroxide which re-deposit on its surface. It has shown
that a fully dense Ni layer can form over NiO if the reduction takes place at high
temperature with a low H2-H2O ratio feed gas. [223], which would impede or halt the
further reduction of that cluster of Ni particles. Work done by Zhu et al [230]
investigated the impact of initial reduction temperature and highlighted a clear
performance improvement through reducing at higher temperatures, as the initial
reduction process still left a percolated network; whereas slower reduction
temperatures allow for segregation of particles, as shown in Figure 2-8. The highest
reduction temperature investigated was 700°C and was superior to 650°C, 600°C
and Room Temperature. The silver edge represents reduce Ni metal and the green
sections shows NiO
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Figure 2-8 Visual representation of varying effects of temperature on reduction
procedure [230]. The grey region is Ni metal and the green NiO. Option a) is
reduction at a low temperature, where gradual reduction lead to encapsulated
Ni metal disconnected from each other, whilst in b) higher temperature
reduction allowed for percolated networks to form.

Previous studies indicated that the reduction profile for NiO was impeded by the YSZ
support, leading to a slower reduction process [231]. More recent studies have
suggested that the macroscopic network in which the NiO is found is indirectly
affected by the YSZ [232, 233] through gas/mass transportation limitations.
Simonsen et al’s work tried to clarify which process is the cause for the limited
reduction process. NiO crystallites incorporated into YSZ were determined not to be
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the cause due to the relatively low degree of incorporation, but may still have an
impact, however small, on the inhibitive effect on the reduction process.
Thermogravimetric analysis (TGA) of their samples matched previous investigations
into the inhibitive effects of YSZ to the reduction process, however ETEM did not
show this reduction in Ni particle growth in its analysis. As the samples were only
analysed in a nearly 2D environment the impact of gas/mass transportation
limitations could be the cause of this difference seen in the TGA analysis. It was
noted that the variations in cell compositions and preparation mechanisms could lead
to a more pronounced effect from the NiO-YSZ chemical reactions than those
observed in these tests, however they were compared against relatively similar cells
to those most commonly used in the SOFC field. The comparison between reduction
at lower temperatures ~300°C and higher temperatures ~800°C showed no
difference with ETEM, leading to the belief that the collapse of nano-pores and
coarsening of the Ni particles is seen as the cause of a slowing reduction process.

The formation of porosity in the cell and the shapes that are created will be
dependent on the manner in which the NiO reduces and the relative particle size of
NiO to YSZ. A number of different styles of pore can form in the cell, including
channels, dead ends, ink bottles and isolated pores. Isolated pores serve no purpose
as gas can neither enter nor escape and are entirely undesirable. Channels present
the idealised path for gaseous fuel as they offer the least resistance, whilst ink bottles
and dead ends can at least potentially provide access to sites for reactions. Figure
2-9 shows an example of the pore styles and how they might influence fluid flow.
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Figure 2-9 Porosity type formations [234]. The ideal formation is a connected
series of channels; the least ideal is the isolated which reduces material
percolation whilst not offering any path for gaseous transport.

The data available covering anode degradation has been collated in Table 2-7, and
highlights the fuel composition, operating temperature, test duration, anode material
composition, electrical operation and Ni particle growth rates where available.
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Table 2-7 SOFC testing data from literature covering fuel, operating
temperature, duration, material composition, current and nickel growth.
Fuel

Temperature

Test

Material

Current

composition

(°C)

Duration

Composition draw
(A/cm2)

(hours)

Nickel

Refer-

growth

ence

(um)

40-60% H2O/H2
for all and 1090% H2O/H2
for 1100°C and

1000, 1100 and
1200

50h

Ni-(8%)YSZ

OCV

[220]

1200°C
Ni-(8%)YSZ
, various
10-40% H2O/H2

800

~80

percentage

1.38 –

distribution.

1.75

Electrolyte

[217,
218,
235]

supported
5-50% (varying)
H2O/H2

750-850

~300

750

300-700h

40-60% H2O/H2
and some other

Ni-(8%)YSZ

Ni-(8%)YSZ

[215]

OCV &
0.75A/cm

compositions

[193]

2

0.293-97% H2O /H2
120ml/min

850

0, 24, 200,
1000

Ni-(8%)YSZ

0.35 and
0.32-

[17, 19]

0.38
CO2 +H2 (CH4
+H2O)

750,850,950

1500h

Ni-YSZ

950

2000h+

Ni-CGO

[236]

60-40% H2O/H2
(varied across 3
experiments)
60-40 H20H2/N2, 97-3%
N2-H2
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0.28 0.38

[216]

20-80% H2/H2O
3-4-93%
H2O/H2/Ar

700 and 800

1000

300, 1000,

Ni-(8%)YSZ

[210]

3000
4000h

2 – 2.6,

Ni-(8%)YSZ

1.02-

[16, 237]

1.25
1.54+/-

97-3% H2O/H2

1000

4000

0.55 –

Ni–(3%)YSZ

2.7 +/-

[238]

0.84
Range of
0.5 A/cm
50-50% H2/N2

927, 1008

211, 1015

Ni-(8%)YSZ

and 0.3
A/cm

2

2

0.1/ 10.1/1 and

[239]

0.1/11/10

Ni-(8%)YSZ/ Ni–
15-85% H2/N2

800

600

(3%)YSZ (50%50%)

97-3%, 50-50%
and 15-85%

0.7-0.9

Normalis
750, 1000

300

Ni-(8%)YSZ

H2/H2O

ed 1 up

[240]

[241]

to 1.375

The data presented in Table 2-7 is structured in a way to highlight the significant
variation present in either operating parameters or composition differences in existing
literature. If there was interest to visually compare the grain growth rates we could
either look to compare radii normalised to their initial “as reduced” starting values or
simply plot the recorded values, and both have merit.

Figure 2-10 shows a collection as presented Ni radii and their evolution over time for
given operating conditions. These are mean values, and as such represent the entire
distribution of the samples as best presented. Some of the data is only capable of
showing particles of a certain size, and thus especially for the initial values may
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overestimate the mean size. What is most notable from this set of data is that for the
majority a plateau development becomes visible for the samples. This is often in the
first 250h and certainly in the first 1000h. Due to the variance present in the samples
and the relatively large distributions the std. deviations are often quite wide for the
given data points.

The various data from papers does agree with the suggestions of temperature and
steam content being the direct influencing factors on Ni grain growth. Holzer et al’s
[216] data suggests a much more rapid increase due to the presence of steam, as
does Jiang [183]. Simwonis [16, 237] and Tanasini [19] on the other hand see much
more gradual inclines due to the relative absence of H2O in the inlet fuel stream.
Faes et al’s [17] samples despite different initial mean Ni radii reach very similar
values, which suggests similar conditions and mass distributions will likely reach the
same end result.
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Figure 2-10 Ni radii from various experimental testing of SOFC anodes presented
for comparison of Ni particle radius growth rates for given temperature, fuel and
material composition over time. See Table 2-7 for references.
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Figure 2-11 Normalised experimental testing of SOFC anodes presented for
comparison of Ni particle radius growth rates for given temperature, fuel and
material composition over time. See Table 2-7 for references
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The normalised data highlights that for some samples with relatively large initial
mean radii the actual percentage growth is relatively small over the exposure time.
This is especially true of Simwonis’ data set [16]. On the opposite end Holzer’s [216]
high Ni content, high steam (60%) 950°C test results in sizeable increase in
normalised radii, with Jiang’s [238] high relative steam ratio test values also showing
significant increases. It is worth noting that all 3 data sets have relatively high steam
contents (i.e. not humidified hydrogen) and high operating temperatures of 1000°C
and 950°C.For the high steam content Holzer tests it is also worth noting that a
significant loss of Ni volume content was recorded (roughly 40% of the total value),
which would have most likely been smaller particles and thus heavily skew the data
in favour of a larger relative mean value. Jiang’s values saw an increase in Ni
content, which could have been down to previously undetectable small particles
forming larger ones during testing, leading to a significant increase in mean values.
Thyden’s [242] high temp (1000°C) high humidity 50% and 85% H2O show very step
gradients, but the relatively short test time of 300h and only 1 data point prevent
further analysis.

Ideally, a max mean Ni particle radius would be clearly highlighted from existing data.
Due to the variation in initial Ni radii size distributions, the YSZ (or electrolyte)
particles, and the porosity, the ability for a specific mechanism to affect the grain
growth rate may be impeded/improved. As previously mentioned in the normalised
data the highest data sets have mitigating factors which could explain their
particularly large increase. Outside of these extremes you see values where a
maximum radius value for an “average” Ni-YSZ cell (that is, 50/50 Ni/YSZ with a
rough porosity of >20%) could be reasonably similar. Given the suggestion of a set
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YSZ grain size and a known porosity, a theoretical max value for the Ni radii could be
determined, but as with the nickel oxide powders, the ceramics used in the
fabrication process will have a distribution and the sintering will help guide to a
desired percolation throughout the sample but not necessarily uniform sizes for the
grains.

2.3.2 Nickel Volatisation

Nickel volatisation, as previously mentioned, is a potential mechanism for loss of
performance in the anode side of the SOFC. With loss of Ni volume, Ni percolation is
lost and thus TPB length will eventually suffer. Whilst the effects of Ni loss are often
mentioned in research [221], the exact cause or quantification of this loss is often
difficult to describe
.
The Solid Oxide Fuel Cell Integrating Degradation Effects into Lifetime Prediction
Models (SOFC-LIFE) project [243] data suggested that as generally agreed for
800°C the overall degradation was the same for samples with high (80%) and low
(3%) steam contents irrespective of current drawn (0-0.7A/cm2). However they found
that at 700°C their cells underwent significant degradation in the form of increased
resistivity, though surprisingly this was noticeable at lower steam content. Ni weight
content was established to have dropped by roughly 5% over 3000 hours at 80%
steam, with roughly 4% seen at 3%, though both values followed a similar profile.
With the 80% versus the 3% steam content the only notable difference is that the
flow rates for steam were 5l/h and 1.03 l/h respectively. Imaging analysis of the
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700ºC and 80% sample shows incredibly uniform PSD compared to the 3 other
testing parameters at 300h, 1000h and 3000h. Whether this uniformity was a very
early response to the testing parameters or to do with the initial microstructure wasn’t
clear but presents an interesting anomaly. The samples for 700ºC with 3% steam
were found to have a very dense inner microstructure compared to the other
samples, leading to very different average Ni weight percentages in the dense phase
compared to the exterior.

Figure 2-12 shows a comparison of the data for 1000h analysis of nickel mass loss
from the samples. Solid lines represent calculations from Image Analysis whilst dotdash lines represent X-ray fluorescence (XRF) data. 2 sets of samples were
investigated for 800ºC and 1 set for 700ºC with 3% and 80% analysed with XRF and
image analysis for a total of 12 points. The total weight loss was given in terms of
initial starting percentage and then final percentage. This data has then been
converted into total relative Ni weight loss. The error margins on much of the data are
particular wide in places, which could potentially lead to very different looking plots.
However there are a few potential points which can be drawn from the data. All
samples are seen to have undergone mass loss. For 800ºC the samples seem to
undergo more loss for higher steam contents, which suggests that studies which find
higher steam content to lead to faster degradation may be suffering more significant
volatisation in these conditions. However at 700ºC the inverse was true for steam
content, with the 3% suffering more severely. In the figure the values for 700ºC with
3% have been averaged from the dense and non-dense phases for a (very) rough
estimate of the average weight loss. Their data also showed that the rate of loss was
significant in the initial 1000 hours, however afterwards it was considerably
Page 74-240

slower/negligible, which suggests that like the Nickel which is limited in
agglomeration and sintering due to the YSZ backbone, may also have a max
percentage of Ni which can be removed from the sample before the energy demand
to drive the hydroxide volatisation becomes too high.
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Figure 2-12 Percentage loss of nickel mass over time from SOFC-LIFE data
[243] for its given analysis route (XRF or SEM) and respective operating
conditions.
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Figure 2-13 shows a comparison of SOFC-LIFE data to Holzer et al’s [216] data
which have reported Ni volatility. It is important to note that Holzer et al have a CGO
based ceramic component rather than YSZ, and this was likely the influencing factor
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Figure 2-13 Comparison of reported Ni volatility from SOFC-LIFE [243] and
Holzer’s [216] on Ni volume loss for a given anode composition and operating
conditions.

Work done by Chen et al [244] involving Ni-CGO anodes with ScSZ electrolyte cells
on cathode supports ran a number of cells through 5 electrochemical cycles to
investigate the degradation on their samples. The testing time encompassed a total
of 9 hours, but very high current densities (and thus high H20 levels). Their flow rates
were 5.66% H2 in Ar at 53ml/min, with a pure H2 run for cycle 5, all at 800ºC. Their
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analyses indicates that Ni2-OH complexes could have been formed due to the high
current densities, which can lead to nickel reoxidation, as their research supports, as
well as Ni volatisation. Whilst there is a less than uniform loss of Ni from each
analysed sample a median value places the total loss at ~14%.

Samples having been subjected to steam reforming mixtures in a 750°C-850ºC
temperature range and low to high current densities were also investigated for Ni
particle coarsening [236]. The report described a 30% increase in Ni particle size for
a 750ºC sample and a 22% increase for 850ºC sample. This was attributed to an
estimated loss of 40% of Ni from their 850ºC sample due to volatisation.

2.4 Measurement and Analysis Techniques
Degradation in Ni-YSZ anodes can be determined via a number of different
techniques. Often because of the complexity of the systems analysed, a multitude of
data extraction methods are used. Visual and electrochemical analysis are regularly
used in conjunction with different post-testing techniques. In-situ visualisation of the
microstructure is incredibly difficult due to the high operating temperatures of SOFCs

2.4.1 Imaging Analysis (SEM, FIB-SEM, Tomography)
Imaging of samples remains a critical aspect of data collection from testing, and
different techniques exist to prepare and present these samples. Once mounted, the
images then have to be quantified via state of the art imaging techniques. SEM [245]
image formation is dependent on elastic and inelastic interactions. Inelastic
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interaction results in primary beam electrons transferring substantial energy to the
atoms in question, leading to the generation of secondary electrons (SE) which can
be used for imaging of samples. Elastic interactions lead to back scattered electrons
(BSE). The back scattered electrons yield is dependent upon the atomic number of
the atoms in the sample (thus samples with very different atomic number will show
the greatest contrast in the sample whereas similar ones will be harder to
differentiate)

Scanning Electron Microscopy (SEM) imaging has for a long time been the basis for
imaging of SOFC samples, whether anode, cathode or electrolyte. Sample
preparation can be incredibly important for error minimisation in imaging, to ensure
the quality of images being taken is accurate for further analysis [240]. Previously
there was a shift away from using normal acceleration voltages of 10-20kV commonly
used in SEM due to the similar back scattering coefficients of Ni and YSZ (requiring a
sputtered coating to reduce the brightness of Ni [16, 246].It became more common
for low acceleration voltages (<1kV) to be used [242], which can allow for greater
distinction between the phases. Due to the potential variance in experimental
procedures used by individual research groups an attempt to present a standardised
method was suggested by Holzer et al [216, 247] for determining the change in Ni
particle growth. The work covered a number of important aspects of anode
investigation such as PSD and suggestions for grey-scaling in microscopic analysis.
Different methods for calculation of particle size measurement have been utilised
when analysing images [19]. These techniques include Discrete PSD, the Intercept
Method and Continuous PSD, as seen in Figure 2-14
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Figure 2-14 Visual description of particle size measurement techniques, highlighting
how the Discrete PSDD, Intercept method and Continuous PSDC establish the area of
pores/particles [216].

SEM only produces 2D images of the intended sample, which, if solely used in
measurements and calculations, can lead to errors. This has lead researchers to
investigate the use of tomography and 3D reconstruction for producing 3D structures.
SOFC analysis has seen a considerable increase in the use of tomographical
techniques for detailed investigation of microstructure, with further use in modelling
[6, 235, 248-256].

Use of Focused Ion Beam (FIB) technology originally allowed single beam
instruments the use of an Ion beam current to allow combined nanoscale milling and
imaging. More recently it was used in combination with an ion column and an
electron gun to mill and image separately using scanning electron microscope (FIBSEM). FIB-SEM analysis has been used for a number of years to establish 3D
properties of samples [257] Bansal et al [258], and Wilson et al [259] used FIB-SEM
on an SOFC in some of the earliest usages for 3D reconstruction. FIB-SEM can be
used to build a 3D microstructure to investigate parameters such as the electrical
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conductivity and percolation in the cell [249], material fractions, surface areas,
particle size and distribution, pore size, phase conductivity, and triple-phase
boundary density [260]. Investigations of effects of thermal cycling [261], as well as
studying the microstructural changes undergone during redox cycling [252] have also
used FIB-SEM Much of the information gathered can be combined with modelling
tools to help create a more detailed picture of the in-situ workings of an SOFC. Iwai
et al [235] used dual beam FIB-SEM with EDX to analyse a sample to build a 3D
reconstruction of the anode microstructure. This was used for TPB density and
tortuosity evaluation. The TPB was determined using the volume expansion and
centroid methods, and tortuosity was analysed with a random walk calculation and
the Lattice Boltzmann method. In both cases the difference between both values was
~3% and both were deemed equally suitable for calculations of the sample
parameters. Their sample sizes (roughly 19 x 8 x 6 μm) where determined to be too
small for conductivity calculations for Ni or YSZ.

The Imperial College fuel cell group has successfully built up research in the field of
FIB-SEM and tomography with SOFC samples and materials [255]. Their research
centre had issues recreating the work done by Wilson et al [259], specifically due to
specimen charging, image shadowing and re-deposition of sputtered material. All of
these can lead to erroneous interpretation of the image so they developed their FIB
lift-out technique for both single and dual beam instruments. A number of limitations
had to be overcome such as Ni twinning phenomena which presents Ni in such a
way that Ni and YSZ greyscale histogram data can overlap. Single and Dual beam
analysis is possible, though single beam analysis suffers from some manual
operation limitations, unlike dual beam. Multiple sample volumes should be taken
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from the bulk to ascertain an accurate measurement of the overall microstructural
distribution [254]. Improvements in the imaging process [262] allowed for movement
away from features such as their lift out techniques, allowing for completely
automated processes. Combination with electrochemical simulation has further
increased the predictive capabilities of their analysis. Shearing [253] also found that
H2 concentration had seemingly little impact compared to temperature in terms of
ASR resistance.

The nanotomographical studies done on SOFC anodes can help understand the
distribution of particles in the functional layer vs. substrate [263]. Nano computer xray tomography (CT) has been used as an analysis technique, and has a particular
advantage over FIB-SEM due to its non-destructive nature [264]. Earlier work by Izzo
et al [265] investigated half-cells involving porosity from voxel counting and tortuosity
from Laplace equation solving used in modelling mass transport and electrochemical
reactions at pore scale. Work was followed up in 2010 by Grew et al [266]. An
example of particularly relevant work by Galinski et al [267] covered Ostwald ripening
in Ni/CGO, in the temperature ranges of 500-1100°C. Specific investigation into the
effects of temperature alone on the Ni grain coarsening, suggested nearly a 50%
increase in average grain size (0.44 to 0.66 μm) over 500h.

Analysis of Cathode microstructure using tomography has also been undertaken
[268] to obtain parameters such as tortuosity, surface area and volume fractions
which has seen further development with finite element modelling (FEM) using
COMSOL®. Analysis of mixed ionic/electronic conducting (MIEC) materials has
applications in anode materials (especially Perovskites). Similar analysis can be
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done on both electrodes such as correlating three-dimensional microstructure and
polarisation resistance [269].

2.4.2 Parameter Extraction for Model Development

With SOFCs, certain parameters are difficult to obtain, such as PSDs, or potentially
face accuracy issues with common place techniques such as mercury porosimetry
(which struggles with very small pores). Often, more than one technique is available
for establishing these values, either experimentally or through modelling.

2.4.2.1 TPB Calculations

Kenney et al [270] worked on cathode microstructure using two different techniques
for establishing TPBs with percolating networks. A grid based counting technique and
an analytical technique. The grid based technique created a 3D Cartesian grid over
the structure and counted contacting edges for LSM/YSZ/pores which were part of
percolating networks. So a voxel square with edges contacting two phases that were
not its own were measured in the xy, xz and yz directions, summed and then these
values were compared against the relevant particles to determine if they were part of
a percolating network to give the TPB length. This technique has also been
subsequently used by a number of other authors [248, 249]. The analytical technique
determined TPBs through use of the known values of their coordinates in the system
and subsequently determined the availability of TPBs in percolating networks. The
analytical technique assumed that all pores belonged to a percolating network. This
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was based on data showing that the porosity was 99% percolating in volume
fractions of 25% porosity and above.

Figure 2-15 Values for Active TPB lengths (in μm μm-3) based on Ni volume
fraction and NiO Wt%, highlighting their effect on total percolation in the
microstructure [249].
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Figure 2-16 Chart comparing the rate of change of normalised ASR against the
change of TPB density [221]. The outlying value is due to a poor choice of
sintering inhibiter compared to the other values used in this paper.

More recently Khan et al [221] utilised their calculations to determine a link between
the ASR and the TPB density change thus allowing them to predict the lifetime of the
cell, as seen in Figure 2-16. They also used a technique with energy-dispersive Xray spectroscopy (EDX) for imaging the respective phases in the anode layer. The
TPB density was determined over 7x7 pixel areas in their images, and the total
number of TPBs in the area was used to determine the TPB density. An outlying
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value is present in the graph but otherwise shows a clear trend for increasing ASR
change with TPB change.

2.4.2.2 Porosity
Dealing with porosity in these investigations can be done in a number of ways. Some
authors have simply used a rough value of 1.0 - 2.6 μm as the value for average pore
size [271] [272] , which appears to be a reasonable approximation for their studies
but can lead to inaccuracies where used to determine other properties. Cannarozzo
[273] et al determined average pore size as a function of particle size and volume
fraction. When the Knudsen diffusion values, which is when the scale length of the
system is equal to or less than the mean free path of the particles travelling through
the system, fall into the transition regime diffusion (which is when the length scale is
comparable to the mean free path of the particles and where a high frequency of
collisions with pore walls and other molecules occur), the Bosanquet relation is best
used to calculate the diffusion coefficient in the pores. The relationship combines the
−1
Knudsen 𝐷𝐾−1 and binary mixture diffusion 𝐷12
coefficients, as seen in Equation 2-3.

For hydrogen diffusing through very small pores, there may be circumstances where
the free molecular flow regime dominates, and the Bosanquet relation is not
necessarily the best option,

−1
𝐷−1 = 𝐷12
+ 𝐷𝐾−1

Equation 2-3

Pore percolation is the percentage of open porosity versus the total porosity. The
open porosity allows a complete path for gas molecules to travel. Whilst this path
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needs to reach the electrode fuel domain the inverse (i.e. the electrolyte surface) is
not necessarily mandatory for open porosity. The gas simply needs to be able to
reach an active TPB site for utilisation. This is important when analysing the imaging
for samples as it can lead to over estimates in TPB density, as not all TPB points are
percolated sufficiently in electronic, ionic and mass transportation pathways.

Tortuosity is related to pore size and can be described as a retardation factor to flow
in porous media [274]. This value is important for calculations such as effective
diffusivity and permeability, which are important values for comprehensive models
describing fuel cell operation. A number of techniques can be used depending on
available information to determine the tortuosity in the cells. A homogenisation
approach/technique, which produced averaged properties for real material with
complex geometry and anisotropic properties, has shown to give reasonable results
[249], whilst the Lattice Boltzmann Method (LBM) is commonly used and is viable for
SOFC analysis [275]. However, Iwai et al [235] compared a random walk method and
LBM and found they gave similar tortuosity values (less than ~3% difference).

Work by Zalc et al [276] highlighted that tortuosity factors are independent of the
diffusion mechanism for most void fractions when an equivalent Knudsen diffusivity is
correctly defined. By using a more rigorous Knudsen length scale a more accurate
method for determining of tortuosity factors is possible.
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2.4.3 Modelling
Modelling of SOFCs can be done in 1D, 2D, 3D as well as in a number of alternative
computational methods. It can cover simply calculations for fuel consumption down to
TPB boundary calculations and nano-scale chemistry. Anode degradation modelling
often aims to incorporate the change in Ni particle size and location through sintering,
agglomeration, coarsening and volatisation into polarisation resistance changes and
thus performance degradation. This involves understanding changes in porosity due
to Ni transportation as well as the percolation loss in the anode. YSZ as a ceramic
component is generally modelled as inert for calculation purposes, which for <900°C
calculations appears to be an appropriate assumption [61]. Perhaps one of the
earliest degradation models was created by Simwonis et al [16] which derived
equations for Ni particle agglomeration relative to operating conditions based on their
microstructural analysis. Following on from this work Vassen et al [237] developed a
more in-depth model to try and predict Ni particle behaviour In the anode. However
due to a lack of readily available data to compare against, these models were
specifically designed to work with the limited data they had at the time. Due to the
variability in initial microstructure, cell composition, fuel composition operating
conditions, as well as relatively small but potentially highly influential issues such as
minor containments in the cell or fuel streams, a wealth of data is necessary for any
one model to likely accurately predict all or most fuel cell degradation behaviour.

Nakajo et al’s [277-281] detailed work on SOFC stacks models multiple facets of
SOFC

degradation,

incorporating

thermomechanical,

electrochemical

and

operational degradation. Anode degradation modelling is based on a modified model

Page 87-240

of Vassen’s work, and is incorporated into a percolation model to determine TPB
length and thus electrochemical performance on the anode side.

A study conducted by Chen et al [282] focussed on the development of a functional
model for Ni coarsening in anodes. Their model investigates the possibility of limited
YSZ mobility and complete immobility. The latter is found to match their experimental
data better. It is found that the TPB contact angles can have a strong effect on
microstructural evolution. In particular, reducing the contact angle of Ni on YSZ yields
less TPB reduction. This is due to the smaller Ni-YSZ interfacial energy available.
Work using a level set method to help characterise the three dimensional structure
can be achieved with FIB-SEM reconstruction [283]. From the reconstruction the
method has estimated surface tension forces from the calculated mean contact
angles. The contact angles determined varied from those in Chen et al’s work,
especially for YSZ and pores as these had large standard deviations.

Various work has been done on agglomeration kinetics in SOFC anodes, such as the
quantitative mode by Gao et el. [284]. It uses Fick’s law of diffusion for the transport
of the Ni particles, with the Gibbs-Thomson relation for vacancy concentration and
coordination number theory for nickel percolation. Other analysis of SOFC anodes
has been achieved through the use of phase field modelling to help develop the
microstructure in the anode. Work done by Abdeljawad et al [285] built on previous
studies [286] and using data from a number of sources [287] for values and
information on SOFCs was used in Ni-YSZ anode modelling. In their opinion cells
with a particle radius for YSZ equal to or less than 0.5um and a particle radius for Ni
less than YSZ will last longest, assuming the YSZ radius remains constant. Particle
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size distributions remain an important aspect of analysis in modelling. Some work
[270] has suggested that dealing with a wide range of particle size distributions rather
than a single average value can help prevent potential errors, especially with pore
volume measurements. BET adsorption measurements and mercury intrusion
porosity measurements must be extremely sensitive in order to measure the low
surface area and pore volumes in anode microstructures.

Sanyal et al [288] developed particle-resolved simulations for prediction of electrode
conductivities. The work was completed through two models, a discrete element
model (DEM) and a random particle packing model. These models would generate
microstructures and similarly to work done by Chen et al [289] in terms of percolation
theory. Effective conductivities based on percolation theory and coordination number
𝑒𝑓𝑓

can be evaluated from Equation 2-4, where 𝜎𝑚

0
is the total effective conductivity, 𝜎𝑚

is the total bulk material conductivity, 𝜙𝑔 is the porosity, 𝜓𝑚 is the volume fraction of
m material and 𝑃𝑚 is the percolation probability of material m. The equation is
obviously dependant on the value of the Bruggeman factor 𝜇, and in the work done
by Sanyal et al they discuss the effects of the Bruggeman factor, highlighting that the
more commonly referenced value of 1.5 may be too low, and thus overestimate the
effective conductivity for the electrodes. The study recommended a value of 3.5
which they validated through comparisons with Iwai et al [235] and Wang et al [290]
which both felt the value of 1.5 was less suited for their models.

𝑒𝑓𝑓

𝜎𝑚

𝑜
= 𝜎𝑚
[(1 − 𝜙𝑔 )𝜓𝑚 𝑃𝑚 ]

𝜇

Equation 2-4
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Also of note was their evaluation of the coordination number. In their work the
simulations run resulted in an averaged value of 6.7 for 𝑍̅ , which is slightly higher
than the more commonly referenced value of 6. The value represents the number of
contacts between the particle in a randomly packed bed model and other particles. It
is used for modelling of percolation and other predictive parameters such as
conductivity.

Certain models have attempted to make use of the detailed reaction chemistry from
studies on patterned electrodes such as that by Mizusaki et al [195, 197].
Computational models to describe the behaviour at the TPB layer in SOFC patterned
electrodes have been investigated [291, 292]. They encompass the electrochemistry,
transport and elementary chemistry. Values generated in their research are some of
the most detailed covering the chemistry inside an SOFC anode.

Wang and Atikson [293] have looked at modelling the microstructural evolution
through the use of Cellular Automaton (CA), which allows for the prediction of
microstructural changes based on reduction of energy levels. The work highlights
that at least in the early stages the wettability of Ni on YSZ is heavily defining on the
microstructural evolution, where better wettability leads to slower coarsening in the
cell. The wettability of the Ni particle is the degree to which the adhesive force of the
YSZ causes the Ni to spread across its surface whilst the cohesive force within the Ni
particle looks to keep away from the YSZ surface.
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Figure 2-17 Ni wettability on YSZ surface shown through two coarsening
particles [293]. As the particles are exposed to high temperatures they deform
and eventually combine on the wetting surface of the YSZ, here represented by
the light grey surface.
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CHAPTER 3

Experimental Set-up and Methodology

A rig has been designed and constructed to obtain data regarding Ni-YSZ sample
transformation over a variety of operating conditions. It is designed to operate the
samples in only temperature and fuel (gas exposure) under varied conditions. This
rig is operated inside of a furnace supplied by Vecstar, and is henceforth referred to
as the Vecstar rig. A quartz tube and sample holder was designed for holding a
number of samples simultaneously in the given testing environment. The quartz tube
allows contained exposure to high temperatures and air or hydrogen and steam
mixtures. Figure 3-1 shows the tube and furnace without the mass flow controller
system.

Figure 3-1 Quartz tube and furnace for anode sample testing. Fuel gas enters
from the left hand side, passes over the samples which are resting across a
alumina plate.
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Hydrogen and nitrogen gases are delivered via Mass Flow Controllers (MFCs) whilst
water is delivered to a Cori-flow meter (through a filter to ensure purity) and
converted to steam in a Bronkhorst Controlled Evaporating Mixer (CEM) alongside
the hydrogen and nitrogen which is then fed into the quartz tube shown in Figure 3-2.
The gases travel over the samples where they are reduced and the remaining
hydrogen and steam are evacuated from the outlet to a water trap and then the
atmosphere.

H2
N2
H20

CEM

Quartz
Tube
Furnace

Coriflow

Figure 3-2 Schematic drawing of rig with MFCs, CEM and Cori-flow
delivering fuel to the quartz tube rig. Nitrogen purges the system on startup, after which hydrogen (and possibly steam) pass through the controlled
evaporating mixer and into the quartz tube sitting inside of a furnace.

3.1 Experimental Set-up

Multiple 100 cm2 planar anode supports with functional layer were purchased from
Ningbo Institute of Materials Technology and Engineering (NIMTE). These Ni-YSZ
samples were then segmented into roughly 1 cm 2 sections with a diamond saw. Care
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was taken to slice the samples to be as uniformly sized as possible. These samples
were rinsed with ethanol and then air dried before being placed into the quartz tube.
The 10x10cm square planar samples produced a large number of smaller sections,
and batches of 8 were used for each parameter test. The quartz holder inside of the
tube was approximately 30cm long and supported an alumina plate on which the
samples rested along the length of the holder tube. The holder section also attached
to the quartz plug on one side of the tube itself to create the seal, thus only the inlet
and outlet ports allowed fluid transport. Once the samples were secure, insulation
was placed around the rims on the inlet and outlet sides to help ensure temperature
control. Thermocouple measurements were taken at various locations within the
furnace to confirm constant temperature within the location of the samples; however
they were not taken within the tubes whilst operating with gas as those temperatures
due to the risks of explosion with hydrogen.
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Cut planar sample
into 1 cm2 segments

•Original samples
come as 10 cm2
planar plates, and can
be anode supports,
half cells or full cells

Place samples in
furnace for exposure
testing

•Exposure conditions
are defined in earlier
sections of the report
based on desired
information

Remove samples, cut
in half and mount &
polish for
microscopic analysis

•Samples are taken at
specifically chosen times
from furnace, and
mounted on epoxy for
microscope and SEM
analysis

Figure 3-3 Process pathway for samples showing the procedure of preparing
for testing and analysis. This includes initial segmentation, testing and removal
and mounting for imaging.

For temperature only dependant testing the samples were exposed only to air as well
as initially reduced in a hydrogen environment and then exposed to nitrogen for a
comparison of NiO versus Ni growth rates. Samples exposed to air were run for
similar lengths of time as those run in hydrogen. Samples reduced in hydrogen then
exposed to nitrogen were run for 4 and 24 hour periods only. For gas and
temperature dependant testing the samples were exposed to various levels of steam
and hydrogen in the furnace for set temperature levels. Virgin samples were kept
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aside from the initial batch of segment planar cells and prepared with the exposed
samples for analysis as shown in Figure 3-3. Time exposures of 250h, 500h, 750h
and 1000h were chosen to investigate the microstructure changes. Steam contents
of 0, 3, 50 and 80 volume percent were chosen, as these presented examples of
lower steam content more commonly seen in experiments (3%) to be compared to
extreme steam contents (80%) which might highlight processing procedures for
accelerated testing. Volume of gas was adjusted for 100ml/min delivery at all set-ups.
Temperatures of 700ºC, 800ºC and 900ºC were chosen as shown in Table 3-1. Two
samples were taken out of the furnace for each interval, and 1 set of complete runs
was done for each temperature/fuel combination. The furnace was ramped up at
10°C per minute which normally results in a roughly 1 to 2 hour heat up period.
Samples were exposed to nitrogen during ramp up and then subsequently exposed
at their operating temperature, once stable, to hydrogen for reduction of nickel oxide
for 4 hours before the 250h interval commencement. After reaching the specified
time interval the furnace was gradually coole down over approximately 8 hours; when
below 100°C the hydrogen gas was switched off and once sufficiently close to room
temperature the quartz tube would be opened and the two samples taken from
random locations on the plate would be put into petri dishes for subsequent cutting,
mounting and polishing. Then the remaining samples would be returned to the
furnace as previously described and the process would continue until the 1000h
sample was completed and a new batch would commence. Figure 3-4 Shows 8
samples after the initial 250h period reduced and on the alumina plates supported on
the quartz holder.
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Table 3-1 Chart for intended experimental runs of NiO samples for a given
temperature and H2/H2O fuel composition. More-extreme ends of the spectrum
were selected for testing to see results with limited testing runs possible.
Temp (°C)/
Fuel (H2/H2O)

100%

97-3%

50-50%

20-80%

700

X

N/A

N/A

X

800

X

X

X

X

900

N/A

X

N/A

X

Figure 3-4 Example of samples having been exposed for 250h at 800°C to 97/3
H2/H2O prior to having 2 samples taken for analysis and subsequently being
returned to the furnace for the other samples continued exposure.
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Comsol® modelling was used to establish whether a uniform testing environment
was present in the tube to provide repeatable data. Mass flow, heat transfer and fluid
velocity were inspected to see if all cells in the sample holder would experience
similar conditions. Figure 3-5 shows that the temperature distribution in the furnace
accurately provided the heat specified in the area of the tube where the holder was
situated. Inlets and outlets on the tube were modelled to be at room temperature,
whilst the inside section was deemed insulated. Clearly the insulation placed around
the furnace entrance and exit would not perfectly trap all heat in the furnace but
neither would the sections outside of the furnace be at room temperature once
operating and thus this minor inconsistency can be ignored. This is backed by the
previously mentioned thermocouple tests. Fluid transport is shown to be uniform
through the quartz for the 100 ml/min flow rate ensuring anode samples indeed
received the required levels of steam and hydrogen.
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K

Figure 3-5 Thermal distribution in the quartz tube furnace with pure hydrogen
flowing at 100 ml/min at 800ºC. Inlet and outlets are room temperature, whilst
the section of the furnace where samples are located is at the intended
operating condition.

3.2 Sample Preparation and Polishing
The standard procedure for preparing samples involves sectioning, mounting,
grinding and polishing [183, 240]. Samples needed to be analysed cross-sectionally
to allow for gradients or changes in microstructure to be seen, and so a diamond saw
was used to segment the samples for subsequent mounting in epoxy resin
EpoThin™ Epoxy 2 Resin and Hardener. Sectioning involves slicing the sample to
produce the cross sectional area of interest, which has been achieved cutting with a
diamond saw blade. Grinding and polishing are both achieved on the Buehler rotating
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pad, and represent different levels of finish, with grinding being up to ~5 μm
according to Buehler’s manual and polishing down to 0.05 μm.
Table 3-2 Comparison of different material polishing guidelines from Buehler
polishing manual. The abrasive size relates to the coarseness of the polishing
pads, load the pressure applied, as well as rotational speed and time.

Zr

Ni

Abrasive

Load

size

(N)

45μm

36 N

9μm

27 N

RPM

Time

120-

Until

150

flat

120-

04:00

Polymer/Resin

Abrasiv

Load

e size

(N)

30 μm

22 N

9 μm

27 N

150
3μm

27 N

120-

44 N

120-

Time

200-

Until

300

flat

100-

05:00

Abrasiv

Load

e size

(N)

P400

18 N

P600

18 N

150
03:00

3 μm

27 N

150
1μm

RPM

100-

1 μm

27 N

150

100-

03:00

P1200

18N

μm

27 N

80-

200-

Until

250

flat

200-

00:30

200-

00:30

250
02:00

P1500

18N

150
0.05

Time

250

150
05:00

RPM

200-

00:30

250
02:00

3 μm

22 N

150

100-

04:00

120
0.05
μm

13N

100-

04:00

120

Buehler provides their polishing equipment with a manual for suggested polishing
procedures for various materials. Included are guides for specific materials as seen
in Table 3-2 Ni-YSZ cermets are a combination of these materials, and whilst
mounted in the resin represent a trio of quite different materials. A suggested
polishing procedure which accommodates the hardness of the Zr materials with the
smaller particle size and softness of the Ni/Polymer was devised from these
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guidelines. Initial grinding at 125μm and 70μm were done until the sample was fully
exposed from the resin, and then gradually worked down through 45, 15, 9, 3, 1, 0.3
and 0.05 μm. Times were similar in length to those suggested in the Table 3-2, with
an increased amount of time spent polishing at finer grades. A mechanical polishing
arm was used to apply pressure and rotation to the samples. Some sample may
have required longer periods due to an insufficient finish in some cases.

Initially an in-house polishing and grinding procedure was used which had been
successful with other SOFC samples and thus deemed a useable starting point. In
the process of attempting to successfully polish a reproducible and comparable
finish, issues surfaced wherein a seemingly dense middle layer was formed. This
issue was apparent on some samples and to varying degrees, as seen in Figure 3-6.
These images are taken via an optical microscope (Zeiss AXIO Lab.A1) with a QImaging Micropublisher 3.3 RTV camera along with ImagePro image capturing
software. When this anomaly was originally noticed a list of potential causes was
outlined and analysed to confirm or eliminate these items.
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400 μm

a)

400 μm

b)

400 μm

400 μm

d)
d)
Figure 3-6 Comparisons of varying degrees of dense layer formed by the same
polishing procedure of similar/same batch, cutting procedure, testing
environment and mounting. Samples were tested at 800°C in 100% H 2 for a)
250h, b) 500h, c) 750h and d) 1000h respectively. Images taken via optical
microscopy.

Potential causes of dense layer
-

Feature either not removed or created through disproportionate allocation of
pressure to samples during hand polishing

-

NiO layer forming in edge or centre of samples

-

Ni diffusion through sample via steam –Ni-hydroxide transportation.
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Whilst it was quickly determined that the brightness in the bright field of the optical
microscope was caused by a lack of porosity/high surface density of Ni/YSZ rather
than due to a different phase, EDX was undertaken to be certain.

a)

b)

c)
d)
Figure 3-7 Progressive SEM inspection of area with dense vs. non-dense layer
of a sample reduced at 700°C for 24h in 100% H2 a) x50 mag BSE, b) x400 mag
BSE c) x1200 mag BSE and d) x2400 mage BSE/SE mix.

In Figure 3-7 the progressive imaging of a boundary between the two layers is
shown, the dark patch present in these images is in relation to the resin itself and is
not a feature in other samples (but was analysed to ensure it wasn’t in any capacity
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an influencing factor). Imaging shows that a very dense layer is present in the central
(left hand side) portion of the image. BSE/SE mixed imaging shown in 3.9 d) shows
limited reduction between the slightly lighter phase of YSZ and the surrounding nickel
phase. EDX was performed to ascertain elemental distribution in each section.

For analysis of the non-dense layer, Figure 3-8

shows the oxygen distribution

relative to the other elements. Carbon was present as a blanket coverage with no
distinct high density areas. Aluminium is used in the final polishing stage of the
process and can deposit on the surface of the samples. Notable here it is present as
a darker phase, and is highlighted in the EDX images through e) and f), where areas
of high O concentration overlap perfectly with Al present. The sample holders are
also Al and thus a light layer is visible on most samples as well. Importantly for this
analysis the regions of Ni are limited/void of O, confirming fully reduced Ni metal
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a)

b)

c)

d)

e)
f)
Figure 3-8 Non-dense layer EDX analysis of sample reduced at 700°C in 100%
H2 for 24h a) Ni-Zr EDX overlap, b) SEM EDX, c) Ni, d) Zr, e) Al and f) O.
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a)

b)

c)

d)

e)
f)
Figure 3-9 Dense layer EDX analysis of sample reduced at 700°C in 100% H 2
for 24h, a) Ni-Zr joint image, b) EDX background image, c) carbon EDX, d) Ni ,
e) O and f) Zr.
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Investigating the denser layer present in Figure 3-7 with EDX imaging resulted in
drifting which occurred on all dense sections of samples. This resulted in less clear
imaging than previously. Whilst the oxygen profile does mirror the Zr profile as shown
in Figure 3-9, the appearance of oxygen does overlap on points with Ni. It is also
important to note that the resin present in the sample mount will contain oxygen and
thus due to the polishing process small quantities will be distributed over the sample.
The drifting present could be a sign of lack of conduction through the sample, which
would indicate an unreduced section, but as the oxygen profile could neither confirm
nor deny its state further investigation was necessary.

Because initial imaging could not clarify the issue, determining whether sectioning
was causing an issue in the sample was investigated. Figure 3-10 is the EDX
imaging of a section of a freshly broken reduced sample which was not sheared by
the diamond blade. What is immediately clear from these images is that whilst small
bits of O appear to overlap in areas where there is Ni, this is almost definitely due to
drifting in the sample, and almost exclusively it is present in areas of Zr in the
sample.
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a)

b)

c)

d)

e)
Figure 3-10 EDX image of area of broken sample showing discrete Ni/YSZ
phases with O predominately visible overlapping YSZ phase. Sample was
reduced at 800°C for 24h in 100% H2 A) Ni-Zr -O EDX overlap, b) plain EDX, c)
O, d) Zr, e) Ni.
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a) BSE x250 mag diamond saw

b) SE x250 mag diamond saw

c) BSE x1000 mag diamond saw

d) SE x1000 mag diamond saw

e) BSE x5000 mag diamond saw
f) SE x5000 mag diamond saw
Figure 3-11 Comparison of Surface of freshly sawn samples in BSE and SE
mode. Sample was reduced at 800°C for 24h in 100% H2. Images clearly show
the shearing affect of the diamond saw on the surface of the sample.
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Next investigation of a freshly sawn sample was undertaken to see what the surface
change looked like, i.e. did the change run deeply through the sample and were there
any noticeable irregularities. From Figure 3-11 it is visibly clear that the edges, much
like those of polished samples, are lower than the surface of the sample. This results
in it not having been smoothed/sheared by the diamond saw. Also worth noting is the
small pockets of un-sheared areas in images e) and f). This area was investigated
further and was shown to have a very similar microstructure to that seen by freshly
sawn samples, as shown in Figure 3-12. EDX imaging shows that the porous
sections of the freshly cut sample appear to be very similar to those of polished
samples, importantly the porosity is located concentric to Ni particles predominately.
As the pores are formed from the NiO reduction this is what it should appear as.

a) EDX image at X5000 mag of Ni-Zr b) EDX image at X5000 mag from SEM
overlapping with SEM
Figure 3-12 Investigation of non-sheared section of freshly sawn sample.
Sample was reduced at 800°C for 24h in 100% H2. As the surface resembles
that of non-sheared/freshly broken samples it eliminated the diamond saw as
an issue.
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Topographical analysis was done on samples without resin mounting and imaged on
their sides rather than cross-sectionally. Two separate samples were imaged to look
at their different microstructure; one virgin NiO sample, and one reduced sample.
Figure 3-13 shows the SE and BSE images of the respective samples. Issues with a
lack of porosity are clearer in the BSE images. Figure 3-14 shows the varying
distribution of the NiO and Ni reduced samples, respectively. As neither sample could
be prepared in such a way to avoid drifting completely, oxygen is expected over the
entirety of the image, however if the combined overlapping Ni, Zr and O SEM images
for both figures are inspected in Figure 3-14 a) and c) it is immediately apparent that
oxygen is significantly more present in the Virgin sample than the reduced sample.
NiO-YSZ virgin samples which were polished had a repeatedly uniform solid
distribution across its surface (unlike that present on reduced Ni-YSZ samples),
which suggested it could be to do with porosity in the centre of reduced samples
being filled by sheared Zr/Ni grains.
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a) 900°C 250h reduced sample SE

b) Virgin Sample SE

c) 900°C 250h reduced sample BSE
d) Virgin Sample BSE
Figure 3-13 x5000 mag comparison of a sample operated at 900C in 20-80%
H2/H2O mixture for 250h versus a virgin green sample imaged as polished.
Notable differences in particle size and porosity are visible.
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a)

b)

c)
d)
Figure 3-14 x5000 mag comparison of a sample operated at 900C in 20-80%
H2/H2O mixture for 250h versus a virgin green sample imaged as polished. The
section shows comparison between Ni-Zr and Ni-Zr-O overlap EDX images for
the reduced sample in a) and c) and for the virgin sample in b) and d).

Lastly looking over the disproportional application of pressure on the mounted
samples, initially when the only option available was hand polishing, care was taken
to adhere as rigorously as possible to specified time frames, in the hope this would
allow for reasonably similar levels of polishing force. Later on, the availability of a
machine polishing head for the same apparatus allowed for much more controlled
application of force on up to 4 samples at a time (previously the limit was 2 in each
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hand). This allowed for a series of tests covering a range of different pressures to
ascertain what impact if any the pressure was causing. High levels of pressure (30N
and above) appeared to cause an increase in the relative coverage of the sample in
terms of dense/non-dense. However lower levels (10N and below) of pressure did
not remove the dense layers.

Issues depending on the location and set up of the samples in the quartz tube
furnace as prepared should not be an influencing factor, as full cells from Ningbo (NiYSZ-LSCF) were tested for comparison, with 0.4 l/min hydrogen flow directly to the
anode side on a 4x4cm2 active area cell. The cells were reduced for a minimum of 45 hours (on top of subsequent testing).

These samples also had dense areas

present after polishing, but were sectioned as previous anode supports had been.

When looking at the whole preparation process an analysis of all the variables which
could impact on the surface of the sample was investigated: pressure, orientation
(the directional facing of the sample during polishing i.e having the sample length
perpendicular to the direction of the polish pad or parallel), length of polished stage,
initial starting coarseness of polishing, and initial cutting/sectioning, as shown in
Table 3-3 These factors were analysed and no repeating negative features were
ascribed to the variations.
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Table 3-3 Polishing procedure for variable comparison. Tests were done
relative to the polish pad used and compared variables of pressure, rotational
speeds and the orientation (was alignment of the sample perpendicular or
parallel with the pads rotation).
Test No

Pressure

Orientation

diamond saw
sectioned
sample
125μm
Normal/ low P
70 μm
Hand polish/ Medium P
45μm
High, Medium, Low and Hand P

Single/mixed

30μm

Low P
Hand polish
Hand polish

Single/mixed
Single/mixed
Mixed

15μm

High P

Single/mixed

Low P
Hand polish
Low P
Hand polish
Low P
Hand polish
Low P
Hand Polish
N/A
N/A

Single/mixed
Single/mixed
Mixed
Mixed
Mixed
Mixed
Mixed
Mixed
N/A
N/A

9μm
3μm
1μm
0.3μm
0.05μm

Speeds
(rpm)

150
150
50,
150,
300, 500
150
150
250-400,
100-150
50,
150,
300, 500
150
150
150
150
150
150
150
150
N/A
N/A

In an attempt to clarify the issue, polishing aid was found from Dr. Evans Mogire, who
manages Buehler’s centre at the Warwick Manufacturing Group (WMG) and has
considerable expertise in the field of polishing. After investigation his professional
opinion was that the resultant dense layer was a microstructural issue present in the
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samples, and not the result in any way from the polishing methodology. This was in
agreement with the previous analysis, that in certain sections of some samples a
denser region was present. Thus the current polishing procedure was sufficient for
imaging and the dense layer was an anomaly of the testing samples and procedures.
Given that full cells were tested electrochemically and capable of delivering suitable
performance, these samples were deemed sufficiently reduced to provide data for Ni
particle analysis.

3.3 Image Processing and Data Development

After the samples had been physically prepared through testing and subsequent
moulding/polishing as shown in Figure 3-3 , the sample particle populations were
extracted from the image in two ways. Firstly for both, the initial sample underwent
SEM analysis, where an EDX image highlighting the Ni and Zr phases (Yittria has a
similar peak to Zr and would overlap) was produced which represented the Ni, YSZ
and pores in the image. From this, two routes were selected of which one was used
for reconstruction in a 2D Matlab® model to help interpret the values and parameters
for the sample and its respective images. This could then be used to help determine
the change in performance of the cell via TPB changes. The second method looked
at particle distribution changes, equating the change in area to a relative change in
radius. This result was then used alongside Matlab coding looking to estimate the
change in TPB length and conductivity in the anode.

A mean particle radius is

implemented for comparison, and predictive models describing its change over time
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in varying temperature and fuel composition were compared against the test data.
Figure 3-15 shows the pathway for generating the data used in both processes.

Initial sample
testing population

Image processing
Reconstruction of
particles
in in
particle
circles
Matlab

Particle
distribution

Particle radius
prediction based
off data used in
Matlab
Extraction of
TPB points
and particle
lengths
overlap
lengths

Radius
prediction,
TPB length,
Conductivity

Figure 3-15 Route for sample data utilisation. Sample images are generated
and then processed through ImageJ. These are subsequently either analysed
via Matlab to determine TPB lengths and other values or the distributions are
calculated and input into predictive models.

Samples were loaded into a benchtop Hitachi TM3030 SEM. The working distance
was generally established to be as close as reasonably possible whilst allowing room
for EDX and the not perfectly square dimensions of the samples so as not to damage
the equipment. Normally this results in roughly a 8mm working distance. Operating
parameters were a 5000x magnification and 15kV beam energy over a 3 minute
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imaging time. Carbon and oxygen were present over the coverage of the sample, as
the polishing process would likely spread the resin (in very small quantities) and
oxygen would be present alongside the zirconia and porosity (pore phase).

a) Ni particle response from EDX

c) EDX BSE

b) Zr particle response from EDX

d) combined overlap of a), b) and c)

Figure 3-16 EDX sample examples for those used in imaging stage. Sample
tested at 900°C for 250h in a 20-80% H2/H2O mixture. a) is for Ni, b) Zr, c) a BSE
image and d) the resultant overlapping image.
For the purposes of analysis the carbon and oxygen responses were omitted from
the mass imaging analysis but checked upon initially to ensure no unusual issues.
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Figure 3-16 shows the comparison between the visual responses on the EDX a) and
b), initial image c) and eventual combined overlap d).

Once the EDX images had been generated they were converted and analysed with
ImageJ software. The software is capable of thresholding the specific phases such
that their total area can be summed, and after thresholding can be watershedded to
provide values of particles areas, which can then be used to generate particle radius
distributions and x,y coordinates for Matlab coding. The thresholding uses the Otsu
method algorithm, as previously had been shown to be effective for SOFC
microstructural analysis [294]. During analysis the images are cropped to remove the
scale bars and labels, but were retain in Figure 3-17 for reference. This results in an
area of 32.8 μm x 20.5 μm for each image. The watershedding process looks to find
logical segmentation points in the imaged binary particles and especially for Ni
particles presents a visually comparable segregation method. Figure 3-17 shows the
black and white images of the Ni and pores extracted from Figure 3-16. It is important
to note that the generated data shows the area for each individual particle and their
x,y centre coordinates. This is then converted into a radii value under the assumption
of circular particle shape. This is suitable for Ni analysis, as naturally they form
spherical particles over time, the pore shape however can vary as discussed
previously. The channels which can form in the reduction process are more likely
encompass the Ni particles after initial reduction, and over time form larger circular
pores as Ni particles form larger particles at the expense of smaller ones. However
for the analysis it was assumed the pore values were sufficiently represented by the
circular comparison. The process produced a Discrete PSD from which a mean was
established.
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a)Ni thresholding

b)Ni particles post watershedding

c)Pore thresholding

d) Pores post watershedding

Figure 3-17 Example of ImageJ black and white thresholding and subsequent
watershedding of same sample as Figure 3-16. Images show Ni for a) & b) and
pores for c) & d). The sample was tested at 900°C for 250h in a 20-80% H2/H2O
mixture.
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(μm)

a) Histogram of Ni particle radius (μm) distribution

(μm)

b) Histogram of Pore radius (μm) distribution

Figure 3-18 Histograms of Ni and Pore for a given sample. The curve
shows the mean and standard deviation for the given plot. The sample
was tested at 900°C for 250h in a 20-80% H2/H2O mixture.
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The histograms produced from the ImageJ analysis result in values for both a mean
pore/particle radius as well the standard deviation. These can be compared against
each other to see what correlations (if any) are present when various factors change
in the operating setup of the samples. The data is processed using the IBM SPSS
statistics data editor, as shown in Figure 3-18.
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CHAPTER 4

Microstructural Analysis of Ni-YSZ SOFC

Anode Samples with SEM and EDX Imaging

Nickel particles inside of the anode can coarsen and agglomerate over time leading
to a loss in electrical conduction due to a reduction in percolating pathways for
electron transfer and thus increased resistance in the system. Equally, mass
transport limitations can be caused by a reduction in porosity or percolating pores.
Due to these effects there is interest in understanding the longer term changes that
an anode undergoes based on its operating temperature and the fuel composition.
Some literature suggests one mechanism over the other for being the major
determinate in the rate of Ni particle size increase/transport. The aim of this work was
to further clarify or add to the understanding of these processes.

As mentioned in the methodology chapter, 8 samples were distributed along the
inside of a quartz tube inside of a furnace where they were exposed at constant
temperature to a set fuel composition. They were reduced for 4 hours in 100% H2
before commencing the 1000h testing procedure. 2 samples were taken for each
250h interval and these were sectioned, mounted and polished for SEM and EDX
analysis. The images were process by ImageJ software and the data was analysed
with IBM SPSS and MS Excel.

Certain assumptions have been made regarding the cell testing, 1) All samples are
exposed to the same composition and volume of gas. 2) The temperature inside of

Page 123-240

the quartz tube is constant and uniform. 3) The exposure times are sufficient to allow
for complete reduction of the NiO. Modelling work done on the quarts tube and its
operation support this, as well as the regularly referenced reduction time of 1-2 hours
[215, 216, 219, 230] versus the 4 used during these experiments.

The analysis process should provide data on Ni particle radii, the total percentage of
area of Ni in the images relative to YSZ and porosity, as well as the total number of
pores and Ni particles. The hypothesis based on existing literature is that the larger
particles will coarsen via loss of smaller particles, and this should cause a shift in the
distribution of particles and thus the mean values should get larger over time.
Temperature and steam content should influence these values and thus higher
temperature or steam sample sets should have relatively larger mean values over
time. The Ni content value should remain relatively constant. Unless a notable
amount of Ni decline is seen over time there is unlikely to be significant volatisation of
Ni particles out of the sample. A larger value for Ni content is likely to provide a larger
mean Ni radius value for that image set, as for larger Ni particles to be present either
smaller YSZ particles or less YSZ would need to be in the section analysed
assuming constant porosity. Thus looking at the samples relative to a constant value
of YSZ is likely to be necessary for accurate appreciation of any significant changes.
The number of particles and pores in a sample are expected to decrease over time
for a given test as the smaller particles coarsen into larger ones.

Assuming the mean Ni radii values change with the Ni content present in a given
image then a value for the mean radii should be adjusted relative to the Ni content for
appreciable comparison between samples. The relative change in samples from
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250h to 1000h should highlight trends where visible. The Ni content is important to
appreciate the distribution in these cells, and as the amount of YSZ should remain
constant throughout all samples (both in content and size distribution), normalising to
these values allow for a more accurate evaluation of any notable features within
samples.

The particle numbers, depending on their relationship with Ni content,

should show decline in numbers inversely proportional to the increase in Ni radius.
The pore number, pore radius and porosity will all be analysed in a similar fashion to
the Ni values, to see how they progression of those values change over time relative
to the Ni values.

4.1 Nickel Area and Porosity Analysis and Comparison

Analysing Ni area percentage from Figure 4-1, the initial data extraction shows the
variation and differences over temperature ranges and fuel compositions appear
relatively negligible. In theory, if the cells have fully reduced and there is no
volatisation then it would be expected that this value be consistent throughout the
samples. The 100%H2 at 700°C sample shows the highest relative amount of Ni
content in their samples, as well as the lowest relative porosity. Imaging of the
samples suggests that the NiO began the reduction process but after a reduction in
volume (seen as area in 2D), this process was restricted from significant reduction,
as the samples have very similar relative Ni/porosity to the 24h reduced 800°C
samples.
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Figure 4-1 Nickel area percent for the selected temperature and fuel regimes.
Each time frame shows the average of two samples. Each sample was
evaluated through 12 images covering random sections of the sample.
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Figure 4-2 Pore area percent for sample temperature and fuel regimes. Each
time frame shows the average of two samples. Each sample was evaluated
through 12 images covering random sections of the sample.
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When total average values for the nickel, porosity and zirconia were taken, a mean
value of ~50% for the zirconia area became apparent. As the initial composition of
the cells was not given for the purchased samples, this value of 50% YSZ does
match up with very common mixture compositions from literature, suggesting a 50%50% volume split of NiO and YSZ in the Green sintered state. Bearing this in mind
some of the data contained less or more YSZ in the imaging process and thus a
normalised representation of the data was achievable by correcting this value to 50%
(as this was the value used in the manufacturing process) and altering the porosity
and Ni accordingly by normalising it, as shown in Figure 4-3. This process involved
adjusting the values of the porosity and nickel equally in a negative correlation to the
YSZ, thus if the ratio of YSZ/Ni/porosity was 0.55/0.35/0.10 it would be adjusted to
give 0.500/0.389/0.111. As before, the relative amount of Nickel is fairly consistent.
As more Nickel cannot be created inside of the cell, and coarsening should only
move the Nickel from smaller particles to fewer larger particles then the only real
trend of note would be if the total Ni area was lessening over time for samples.
Bearing in mind the potential errors present in the data, which are discussed later in
the conclusions section, the only samples with a downward trend are 800°C 100%H 2
and 97%/3% H2/H2O. That being said the trend, whilst notable for 100%H 2, could
simply be a result of only analysing a 56x35 μm area for each sample. As Figure 4-3
is normalised, the change in Ni value is representative of change in porosity. Due to
the porosity’s smaller percentage composition the change in porosity appears more
significant. Given the nature of mass transport limitations in cells and the impact it
can have, clearly for optimised operation cells need careful control of their initial
environments for optimal long term performance.

Page 127-240

45

40

35

Ni Area Percent (%)

30

25

250h
500h

20

750h
1000h
24h

15

10

5

0
700°C 700°C 800°C 800°C 800°C 800°C 900°C 900°C
100% H₂ 20-80% 100% H₂ 97-3% 50-50% 20-80% 97-3% 20-80%
H₂/H₂O
H₂/H₂O H₂/H₂O H₂/H₂O H₂/H₂O H₂/H₂O

24h

Figure 4-3 Normalised nickel area percentage for sample temperature and fuel
regimes. Samples normalised relative to Zr mean value of 50% and porosity
and nickel are adjusted proportionally.

For normalising the data relative to YSZ it is important to know if porosity and nickel
content are inversely proportional. If the assumption of little to no porosity being
present in the samples before reduction is correct then an intercept of 50 % Ni as the
Y-axis should form a gradient through the proportional relationship. Figure 4-4 shows
this graphically. From the linear trendlines generated from the data points, it shows
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that it is definitely following the expected trend though not to the degree it
theoretically should. The blue line shows the Ni vs. porosity values after being
normalised to a constant YSZ value as seen in Figure 4-3, versus the as generated
data points from the SEM and imaging analysis.
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Figure 4-4 Suggested linear relationship between porosity and nickel content.
Values have a linear line of best fit placed to highlight their trends. The as
collected relationship between Ni and porosity is close to the expected
normalised relationship.

Qualitatively, if there is a trend in the relative change in normalised Ni content then
Table 4-1 describes it. For the majority of the data there is some degree of increase
in Ni content percentage over time. It is possible that the shift in porosity is taking
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place across the entirety of the cell, and isn’t immediately apparent over the area of
analysis in the sample. However analysis of microstructural variation did not lead to
any noticeable differences regionally across the bulk of the cell. The table refers to
larger quantities of Ni content percentage in the 1000h versus the 250h samples as
an increase, less as a decrease, a consistent value as a constant and no clear trend
(i.e. entirely irregular) as fluctuates.

Table 4-1 Relative change in Ni content for normalised sample sets with time.
Fluctuating samples showed both increases and decreases in their analysis.
Temp(°C)/

100%

97%

50%

20%

700

Increase

N/A

N/A

Increase

800

Decrease

Fluctuates

Fluctuates

Increase

900

N/A

Constant

N/A

Increase

Fuel(H2/H2O)l

4.2 Nickel and Pore Radius Comparison and Analysis

Normal distributions taken from the histograms of the data for each test sample set
produce mean values for the nickel and pore radii. These mean values are combined
into the subsets for their set experimental parameters and presented in Figure 4-5
and Figure 4-6. Looking over the change in Ni particle radius there is a general trend
apparent where the particle radius over time increases. This is less apparent in the
pore radius graph.
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Figure 4-5 Mean Ni particle radius (μm) for samples sets. Each time frame
shows the average of two samples. Each sample was evaluated through 12
images covering random sections of the sample.
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Figure 4-6 Mean Pore radius (μm) for samples sets. Each time frame shows the
average of two samples. Each sample was evaluated through 12 images
covering random sections of the sample.
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Both nickel and pore radius, however, are affected by their respective area
percentages as shown in Figure 4-7 and Figure 4-8. Both figures show a positive
correlation between Ni radius and Ni area. The figures show the respective line of
best fit for the sample points. Due to this, values determined straight from the
imaging process may not fully represent the trend or change present in the samples.
Because of this the data available will be normalised to the area percent. This can be
done either by determining an overall mean value and subsequently adjusting based
on deviation from this value, or a mean value is determine for the area percent of
each sample set and used to see the trend over time for that specific group. The
advantage of the latter process is for sample sets where the deviation from the mean
content percentage value is large the relative progression over time is shown, whilst
when choosing one set value to compare against the overall effects of temperature
and steam content are more comparable. Due to the aim of the research a single
normalised value was used to cross-compare the data.
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Figure 4-7 Correlation between Ni content and mean Ni particle radius. A linear
line of best fit has been applied to the sample values for the mean Ni radius
relative to its Ni content percentage.
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Figure 4-8 Correlation between porosity and mean pore radius. A linear line of
best fit has been applied to the sample values for the mean pore radius relative
to its porosity.

Page 133-240

Looking at the normalised Ni radii from Figure 4-9, there is a trend for increasing
mean particle radius over time, as well as a general trend for increasing Ni radius
due to steam content and temperature. Figure 4-10 shows this trend via trendlines
across the values present. This evidence corroborates with the understanding of the
literature that the energy provided by the temperature and the coarsening effect of
the steam both lead to larger particle radius.
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Figure 4-9 Ni particle radius normalised relative to their Ni content. Values are
adjusted according to the relative amount of Ni greater or less than the average
of 34 percent.
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Figure 4-10 Graphic highlighting the general trend of effect of steam and
temperature on Ni particle radius that have been normalised according to their
Ni content.

The theory of particle coarsening is based around the consumption of smaller
particles to create larger ones. This in theory should lead to a reduction in particle
number over time and dependent on the environment in which they are exposed.

Figure 4-11 suggests that the number of particles is relatively independent of the
respective area percent in the cell. Whilst there is a slight positive correlation, it is
unlikely to be especially determinant in the number present. The relative lack of trend
suggests that at least overall, the total number of pores can change irrespective of
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the area change, which would mean that if there is a change in number of particles
then it is due to a shift in the size distribution. Thus the number of pores has no
influence on the area percentage, meaning the more pores present the smaller they
are.
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Figure 4-11 Number of Ni particles over Ni area and pores and porosity. The
relative spread of samples indicates a lack of correlation between the two
factors for both Ni particles and pores.

Plotting the variation in Ni particle change gives Figure 4-12, which highlights that the
number of particles generally decreases as time goes on, which theoretically is what
you’d expect of the microstructure. Only 800°C 97-3% H2/H2O shows an unexpected
trend in particle size. The general slope downwards from the lowest temperature and
steam content to the highest temperature and steam content samples is clearly
visible. There appears to be a smaller number of particles present as temperature
increases i.e. particle growth.
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Figure 4-12 Number of Ni particle for given data set. Each time frame shows the
average of two samples. Each sample was evaluated through 12 images
covering random sections of the sample.

For pore numbers, similar trends to those present in the Ni particle distribution
persist, but not as an exact parallel. Some samples have a significantly higher
number of pores compared to the change in Ni particle number for the same subsets.
Also there is often an increase in the number of pores visible. Compared to the area
percentages, which should remain constant, the pores and nickel particles would
behave differently. The nickel particles agglomerate due to the energy provided, to
reduce surface energy. The porosity however is shaped by this movement, and
cannot alter itself as such. Thus unlike the Ni particles which would see an eventual
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elimination of small particles given the right conditions, small pore particles will
always be present in the pore distribution. Equally large pore particles can be formed
by the movement of smaller particles into larger ones. This explains why the pores do
not follow a similar pattern to the Ni particles. It is worth noting that whilst the YSZ
should remain relatively inert, very small pores [232, 233] may see collapse due to
YSZ grains growing into the vacancies. Figure 4-14 shows the Ni particle number
decreases with increasing mean Ni radii, whilst the pore radii is entirely independent
of the pore number, as shown by the linear line of best fit.
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Figure 4-13 Number pores for given data set. Each time frame shows the
average of two samples. Each sample was evaluated through 12 images
covering random sections of the sample.
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Figure 4-14 Comparison between mean nickel radius values (μm) and particle
number and mean pore radius values (μm) and pore number. Linear lines of
best fit have been applied to both sample sets showing a strong correlation for
Ni and a weak/non-existent one for porosity.

Looking over the histograms presented in Figure 4-15 from the Ni particles in the
sample set a clear trend can be seen wherein the number of relatively smaller
particles (<0.1um), present in a high number in the 250h samples,

disappear

subsequently in the other sample times. This backs previous analysis regarding the
change in particle number and how this effects the mean Ni values determined.
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Figure 4-15 Example histograms of Ni particle radius, showing two samples
and their relative size distributions for their 250, 500, 750 and 1000 hours
samples.
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Based on the value for the initial Ni particle radius at 250h versus the final radius at
1000h, Table 4-2 shows the relative increase or decrease for those values. Whilst the
trend overall for the 4 values generated from each sample set are more insightful to
the change in the anode, a numerical value can highlight differences between the
microstructural changes for a given regime. Overall there is a more noticeable
increase in mean radius for the 700°C and 800°C temperature ranges, whilst 900°C,
which has already reached a larger mean particle radius by 250h, shows a modest
increase over the 97-3% & 20-80% fuel regimes. It is also worth noting that the
change for the 97-3% H2/H2O sample actually showed a negative growth, which was
attributed most likely to different initial microstructures for the sample.

Table 4-2 Numerical changes in Ni particle radius from 250h to 1000h. the 800°C
value shoes a decrease between 250h and 1000h.
Temp(°C)/
Fuel(H2/H2O)l

100%

97-3%

50-50%

20-80%

700

9.6%

N/A

N/A

6.9%

800

7.3%

-15.5%

9.5%

10.1%

900

N/A

2.8%

N/A

3.9%

To help further clarify the impacts of temperature and steam content on the Ni
particle growth, Figure 4-16 compares the data points for a given temperature range
against the different fuel compositions. The values have been adjusted according to
their Ni content and subsequently normalised based on an initial radii value of 0.38
μm (derived from 24h reduction testing and analysis done). The figure clearly
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highlights the expected resultant impact that both temperature and steam have a
direct correlation to the mean Ni particle radii. With respect to the temperature the
difference between 700°C and 800°C is less significant compared to 900°C. Given
the increased rate of coarsening known to occur above 2/3rds of the melting point
(which for nickel is 879°C), this is entirely expected. Given that this graph does not
highlight the specific time points for these data points the accelerating effect of the
steam on the nickel particles is less apparent but still clearly visible (especially for the
700°C and 900°C regimes). 800°C 97/3% H2/H2O had the unusual resultant
behaviour with a general decrease over time, which the figure does not represent
due to its presentation. Interestingly if compared solely against the pure hydrogen
800°C test, the data points mirror each other.
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Figure 4-16 Ni particles normalised to 0.38μm radii over temperature setting.
The value of 0.38 μm was determined from initially reduced samples average Ni
particle radius. Note that the figure does not highlight which samples are
largest and which are smallest of 250h, 500h, 750h and 1000h.

4.3 Conclusions

Data was collected from EDX imaging of sections of samples from each sample set.
This data was analysed to give H2/H2O the percentage area of nickel, zirconia and
the porosity. It was also examined to determine the total number of nickel particles
and pores and their respective radii. The area percentage data was compared to see
trends for sample sets and across increasing temperature and steam content. This
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data was normalised to represent an average 50% YSZ content. The overall average
was fairly similar across all samples, as unless there was a volatisation, the nickel
should only have moved within the anode sample. However, some samples retained
higher nickel content percentage than expected from an effectively reduced cell (50%
NiO would give roughly 30% Ni). This could be an effect from polishing reducing the
visible porosity, but was not shown to affect the Ni content or YSZ. Whilst porosity
values showed more noticeable variation compared to the Ni content, no trend was
applicable to the variation in the porosity and thus appeared to be constant.

Reasonably large standard deviations were present in the samples. Due to the
experimental and time constraints only 1 run of a sample set was completed, though
2 specimens for each set of samples was tested further and analysed. This helped
mitigate the effects of an individual sample producing particularly skewed data;
however, it does less to prevent singular instances on an experiment-wide level
having an impact which may have influenced the results, such as furnaces
temporarily losing power.

Samples were analysed across random sections of the sample to ensure data
represented the overall trend in microstructural change. Where samples had
particularly dense regions unable to be imaged this constricted viable sections a bit
but overall all samples were able to produce a distributed region of samples imaging.

The initial microstructure of the Ningbo samples is important for determining the long
term microstructural change. Other samples with different microstructures or material
compositions could likely meet different results than the samples tested here. One or
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two samples had particular aberrant behaviour and attempts to repeat these
experiments would likely highlight they are anomalous behaviour. However, if the
same samples were tested in similar environments the overall growth trends and
patterns present here should provide reproducible results.

Nickel particle radius shows a trend to increase in mean size with increasing
temperature and/or steam content over time. Normalising the data relative to the
nickel area percentage allows for a more accurate comparison of trends within
groups, as well as across groups for the effects of temperature and steam on the
anode microstructure. The change in Ni particle numbers corroborate with the trends
seen for the Ni radius, as an increase in mean value should be facilitated by a
decrease in the number of smaller Ni particle in favour of fewer larger particles.

The pore radius showed less comparable trends to the Ni particle radius, which
ascribed to the fact the pore sizes are altered based on the Ni particles changes,
leading to formation of large and small particles in remnants of previous Ni sites.
Thus the mean trend of values does not follow a similar pattern to Ni particles in NiYSZ anodes.
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CHAPTER 5

Particle Radius Modelling for TPB and

Conductivity Predictions
As discussed in section 2.3, long term degradation in the anode is the result of
agglomeration and coarsening of the Ni particles in a Ni-YSZ anode. The
agglomeration occurs through sintering of the particles, which was predominately
attributed to volume diffusion or migration of vacancies, at least for the initial sintering
process. This is when the atoms move to occupy the vacancies due to the
concentration difference between particles [295]. Coarsening is the result of Ostwald
ripening, where larger particles grow at the expense of smaller ones, in an attempt to
reduce surface energy. YSZ is known to inhibit both of these mechanisms[184],
through non-wetting of the Ni particle, but to what extent can be dependent on the
composition and size distribution of the particles in question.

By building on empirical data taken from literature and testing, models which
describe the predicted change in mean Ni particle radius have been developed [237,
277, 284]. Both models by Nakajo et al and Gao et al (which is based on work by
Vassen) have been recreated and compared with the available data. A particle
packing based model developed by Chen et al [289] is used to predict microstructural
parameters. This is combined with the Ni particle radius predicting models and
produces values for the change in TPB length per unit volume and conductivity in the
SOFC anodes. The complete combined modelling process can be combined with
electrochemical performance data or used to outline accelerated testing for SOFC
anode improvement.
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5.1 Vassen Model
One of the earliest models used to predict Ni agglomeration in SOFC Ni-YSZ anodes
was developed by Vassen et al [237], and has subsequently been used many times
either in reference for values or to build upon the core derivations. It is based on
surface diffusion of particles resulting in sintering and a progressive increase in mean
Ni particle size.

∆𝑥
B

A

rs

rl

𝑗̅𝑣
Figure 5-1 Geometric model of agglomeration process for two Ni particles. The
flux 𝒋̅𝒗 of vacancies travels from the larger B particle to the smaller A particle,
simultaneously increase the size B.

In Figure 5-1 two nickel particles are shown, where due to a different curvature a
pressure difference is created which causes a change in vacancy concentration
leading to a flow of vacancies from the large particle to the small one. This vacancy
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flow 𝑗̅ is described by Fick’s law of diffusion and is defined relative to this example in
Equation 5-1

𝑗̅ = 𝐷𝑣,𝑠

𝑑𝐶
∆𝐶
≈ 𝐷𝑣,𝑠
𝑑𝑥
∆𝑥
𝐶𝑓 𝛺𝛾 1 1
= 𝐷𝑣,𝑠
( − )
∆𝑥𝑘𝐵 𝑇 𝑟𝑠 𝑟𝑙

Equation 5-1

The vacancy surface diffusion coefficient is 𝐷𝑣,𝑠 , ∆𝑥 is the diffusion distance, and the
change/difference in vacancy concentration ∆𝐶. This can be further expanded to
include 𝐶𝑓 , which is the vacancy concentration for a flat surface. 𝑘𝐵 is the Boltzmann
constant, Ω is the mean atomic (or molar) volume of the particle, 𝛾 is the surface
energy), and 𝑟𝑙 and 𝑟𝑠 are the radius of the large and small Ni particles in question.

Due to thermodynamic instability caused by the concentration difference, the
particles will attempt to reach equilibrium for which the particles will begin to join. The
solubility of the Ni particles will be affected by their radii and is described by the
Gibbs-Thomson relation [296], and allows for calculation of the

vacancy

concentration as shown in Equation 5-2. This relationship describes the solubility of
the particle (Ni in this case) atoms in the lattice matrix, where ∆𝐺 is the change in
Gibbs free energy, and ∆𝑃 is the change in pressure.

∆𝐶 = 𝐶𝑓

∆𝐺
𝛺∆𝑃
𝛺𝛾 1 1
= 𝐶𝑓
= 𝐶𝑓
( − )
𝑘𝐵 𝑇
𝑘𝐵 𝑇
𝑘𝐵 𝑇 𝑟𝑠 𝑟𝑙
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Equation 5-2

The distance between A and B, as shown in Figure 5-1, for the vacancy to diffuse ∆𝑥,
is described in Equation 5-3. This takes into account the changing size of 𝑟𝑙 and 𝑟𝑠 as
shown.

∆𝑥̅ = √(𝑟𝑙 + 𝑟𝑠 )2 + (𝑟𝑙 − 𝑟𝑠 )2

Equation 5-3

To help further facilitate the modelling, a description for a mean nickel radius 𝑟𝑁𝑖 and
the radius difference ∆𝑟 are introduced. The mean radius is equal to 𝑟𝑁𝑖 =

𝑟𝑙 +𝑟𝑠
2

and

the radius difference is equal to the large particle radii minus the small particle
∆𝑟 = 𝑟𝑙 − 𝑟𝑠 , as shown in Figure 5-1.For this model it is important that ∆𝑟 is
proportional to 𝑟𝑁𝑖 for the duration of the growth. This indicates that the particle size
distribution remains a similar shape during agglomeration. A constant for this
proportionality, 𝛽, is presented in Equation 5-4. This value is assumed to be constant
during the agglomeration process [237], and is a fitting proportionality parameter.
This assumption is justified empirically due to the fact that the average particle radius
difference is generally large when the average particle size is large.

𝛽=

(𝑟𝑙 − 𝑟𝑠 )
2𝑟𝑁𝑖

Equation 5-4

The volume change which occurs via diffusion through a surface area with thickness
𝛿𝑠 and circumference of 2π𝑟𝑁𝑖 , and the equal volume change occurring in the large
nickel particle, are shown in Equation 5-5 and Equation 5-6 respectively.
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𝑑𝑉
= −𝑗̅𝑣 𝛿𝑠 Ω2π𝑟𝑁𝑖
𝑑𝑡

Equation 5-5

𝑑𝑉
𝑑𝑟𝑙
= 4π𝑟𝑙2
𝑑𝑡
𝑑𝑡

Equation 5-6

The atomic surface diffusion coefficient 𝐷𝑠 = 𝐷𝑣,𝑠 𝐶𝑓 𝛺, combined with the previous
equations used provide Equation 5-7, which evaluates the change in mean Ni radius
over time.

𝑑𝑟𝑁𝑖 𝛿𝑠 Ω𝐷𝑠 𝛾 1
𝛽
=
3
𝑑𝑡
2𝑘𝐵 𝑇 𝑟𝑁𝑖∞ (1 − 𝛽 2 )(1 + 𝛽 2 )(1 + 𝛽)3

Equation 5-7

This equation however does not take into account the limiting effect of the YSZ in the
cermet. Vassen et al compared their work against finite element calculations and
found it to be a reasonable match, but incorporated a growth restricting element to
their model

𝑑𝑔(𝑡) 𝛿𝑠 Ω𝐷𝑠 𝛾 1
𝛽(1 + 𝛽)
1
1 − 𝑔(𝑡)
=
4
2
2
3
𝑑𝑡
2𝑘𝐵 𝑇 𝑟𝑁𝑖∞ (1 − 𝛽 )(1 + 𝛽 ) 1 − 𝑔(0) 𝑔(𝑡)3

Equation 5-8

This inclusion eventually inhibits the value for 𝑟𝑁𝑖 to go beyond a max value 𝑟𝑁𝑖∞ .
This growth restricting value 𝑔(𝑡) is defined in Equation 5-9, and uses the current
value of 𝑟𝑁𝑖 in its calculation to determine its dimensionless value.
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𝑔(𝑡) = (1 + 𝛽)

𝑟𝑁𝑖
𝑟𝑁𝑖∞

Equation 5-9

5.2 Nakajo et al Ni radius predicting model
Nakajo et al [277] have developed a degradation model in an attempt to predict
nickel particle growth in Ni-YSZ anodes. Using a modified equation developed by
Vassen et al [237], Nakajo produced an equation to describe the rate of Ni particle
growth dependant on temperature and steam/hydrogen composition.

5.2.1 Nickel particle radius predicting equation
The equation adjusts a normalised Ni particle radius over time to see the rate of
growth (as Ni particle sizes vary from manufacturer to manufacturer). A slightly
modified equation to the one presented in their work is shown in Equation 5-10 (the
value 𝑟𝑁𝑖(0) needed to be cubed, unlike the one presented in the publication).

2
𝑟𝑁𝑖

3
3
− 𝑟𝑁𝑖
𝐸𝑎𝐷𝑎𝑛 1
𝑥𝐻2 𝑂 𝑟𝑁𝑖∞
𝜕𝑟𝑁𝑖
1
= 𝑘0𝐷𝑎𝑛 𝑒𝑥𝑝 ⌊−
( −
)⌋
3
3
𝜕𝑡
𝑅
𝑇 𝑇𝑟𝑒𝑓 𝑥𝐻0.5
𝑟𝑁𝑖∞
− 𝑟𝑁𝑖(0)
2

Equation 5-10

here 𝑟𝑁𝑖 is the Nickel particle radius, 𝑟𝑁𝑖∞ is the max Ni particle radius, 𝑟𝑁𝑖(0) is the
initial particle radius, 𝑘0𝐷𝑎𝑛 is the anode degradation rate constant, 𝑇 is the set-point
temperature, 𝑇𝑟𝑒𝑓 is the reference temperature, 𝑅 is the universal gas constant,
𝐸𝑎𝐷𝑎𝑛 is the energy barrier for anode degradation and 𝑥𝐻2 and 𝑥𝐻2 𝑂 represent the
hydrogen and steam partial pressures respectively. The paper acknowledges issues
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in getting accurate comparative plots for samples with low H 2/H20 ratios. An example
of part of its flaw is highlighted in Figure 5-2, where for higher water content the
model predicts reasonably well for the data available [297], however at lower water
content (4% H2O) it significantly overestimates the particle growth [277]. An attempt
to improve this aspect of the model has been incorporated into this study. Values
used specifically in this model taken from literature can be found in Table 5-1.

Table 5-1 Data values for Nakajo calculations.
Symbol
𝐸𝑎𝐷𝑎𝑛

𝑇𝑟𝑒𝑓

Description
Activation energy of anode degradation
(kJ mol-1)
Rate constant for Ni particle grain
growth
Reference temperature (K)

number
reference
15.15 gProms
[277]
Determined
1.05 x 10-3 gProms [277]
determined
873
[277]

Ω

Volume Element (m3)

1.09 x 10-29

𝑘0𝐷𝑎𝑛

[237]

Values determined through gProms were based on experiments done with Ni-YSZ
anode supported cells from two different sets of experiments. The results were
subsequently compared against literature data. The conditions under which these
tests took place are similar to those being investigated in this work.

5.2.2 Comparisons of Model with Literature and Experimental Data
Nakajo’s model was compared against a number of available literature data points for
Ni radius growth to show accuracy.

Page 152-240

Figure 5-2 Nakajo et al’s model for Ni particle increase compared to available
literature, as presented in source [277]. 0.04/0.04 refers to a 4% H2, 4% H2O 92%
Ar mixture.

Looking over Figure 5-2 it is important to highlight a number of issues. The
referenced value for Thyden’s [241] 1000°C 50/50% H2/H2O is not the ~1.32 shown
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in Figure 5-2 (which was the lower of the two values generated and identified by a
red circle), but an average value of 1.375. The author’s explain that the model does
not predict accurately for systems with low steam partial pressures. Noticeably in
their results all of the 97/3% H2/H2O experiments [17, 241] are shifted away from
their estimated radius (especially Thyden’s 1273K experiment). In particular the
model does not predict the effects of high temperature and low steam content, which
it undervalues in terms of its accelerating affects.

Figure 5-3 shows how the data looks taking into some of the difference in referenced
data points. It is worth noting that the value for Thyden’s 1000°C 50/50% H 2/H2O
data point was formed of two values of which one showed a particularly high mean
radius value. This heavily skews the normalised data point (~1.42 normalised radius),
compared with the others generated from this study, which follow a trend of
increasing mean value for higher temperature and or steam content. It also highlights
that SOFC Ni-YSZ anode samples often have wide standard deviation due to their
microstructure.
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1.45

Simwonis 1000°C 44-92% H₂/H₂O/Ar

Normalise Ni Particle Radius

1.4

Thyden 750°C 5050% H₂/H₂O

1.35
1.3

Thyden 1000°C 5050% H₂/H₂O

1.25

Thyden 1000°C 1585% H₂/H₂O

1.2
1.15

Simwonis 1000°C 44-92% H₂/H₂O/Ar
prediction

1.1

Thyden 750°C 5050% H₂/H₂O
prediction

1.05

1

Thyden 1000°C 5050% H₂/H₂O
prediction

0.95
0

1000

2000
3000
Time (hours)

4000

Thyden 1000°C 15-85
% H₂/H₂O prediction

Figure 5-3 Comparison of Nakajo et al’s model for normalised Ni radius
predictions. Values are normalised to their initial particle radius

Based on the relative accuracy of the model for higher steam content experiments,
an attempt to compare the Ningbo cells to the predicted outcomes defined by
Equation 5-10 were compiled in Figure 5-4. It is immediately apparent that whilst
providing a good fit for the 900°C 20%/80% H2/H2O test, the other tests are
significantly overestimated. Various aspects regarding the model could attribute for
this disparity. Firstly the model does not appear to appropriately consider the effects
of temperature on the Ni sintering. It appears to be determined more by the effects of
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steam, apparent through the relatively close curves shown for 700°C, 800°C and
900°C at 20%/80% H2/H2O, whilst the 50%/50% H2/H2O test is significantly lower,
though no less inaccurate in its attempts to predict the rate of sintering. Secondly the
limiting effect of YSZ could likely have an effect on the rate of Ni agglomeration (and
not just the maximum mean radius). With no specific component in the equation to
adjust for this, the difference in microstructures and total Ni volume percentage is
ignored, meaning certain predictions may underestimate or overestimate. It is also
worth noting that the experimental data does have a relatively large standard
deviation and that the predictions, should it provide a similar curve to that shown,
would be unlikely to match perfectly.
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900°C 2080% H₂/H₂O

1.5

800°C 2080% H₂/H₂O

1.4

800°C 5050% H₂/H₂O

Normalised Ni Radius

1.6

1.3

700°C 2080% H₂/H₂O

1.2

900°C 2080% H₂/H₂O
prediction

1.1

800°C 2080% H₂/H₂O
prediction

1

800°C 5050% H₂/H₂O
prediction

0.9
0

500
Time (h)

1000

700°C 2080% H₂/H₂O
prediction

Figure 5-4 Experimental data versus Nakajo model equations. Samples
normalised to 0.38 μm Ni particle radius. Note the relative inaccuracy in
predicting Ningbo samples tested under varying conditions.
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With the relative unsuitability of the model as taken from literature steps were then
taken to bring the model more in line with the microstructural environment the Ningbo
cells present in our own experiments. Initial attempts to tweak the model in small
incremental ways did not adjust suitably for one data set without comprising the
others. Due to the noticeable inability to account for the impact of temperature on the
rate of change in mean Ni radius in the model, an attempt to correlate to the
expected radii via an adjusted value for 𝐸𝑎𝐷𝑎𝑛 and an additional temperature
component was incorporated. The adjusted model fits a 2 nd order polynomial with
temperature alongside a new value of 𝑘0𝐷𝑎𝑛 (0.00315) and 𝐸𝑎𝐷𝑎𝑛 (4.17 *10^6 J/mol1 -1

K ). The values were originally determined for the sample set under analysis, and

thus were simply readjusted for the given experimental data, and were based off
fitting. Equation 5-11 shows the adjusted equation used to model the mean Ni
particle radius change shown in Figure 5-5.

2
𝑟𝑁𝑖

𝜕𝑟𝑁𝑖
𝜕𝑡

𝐸𝑎𝐷𝑎𝑛 + (2.7𝑇 2 − 6.7 × 103 𝑇)
3
3
− 𝑟𝑁𝑖
𝑥𝐻2 𝑂 𝑟𝑁𝑖∞
𝑅
= 𝑘0𝐷𝑎𝑛 𝑒𝑥𝑝
3
3
1
1
𝑟𝑁𝑖∞
− 𝑟𝑁𝑖(0)
𝑥𝐻0.5
2
( −
)
𝑇 𝑇𝑟𝑒𝑓
⌊
⌋
−
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Equation 5-11

1.6

900°C 2080%
H₂/H₂O
800°C 2080%
H₂/H₂O

1.4

800°C 5050%
H₂/H₂O

Normalised Ni Radius

1.5

1.3

700°C 2080%
H₂/H₂O

1.2

900°C 2080%
H₂/H₂O
prediction
800°C 2080%
H₂/H₂O
prediction

1.1

800°C 5050%
H₂/H₂O
prediction

1

0.9
0

500
Time (h)

1000

700°C 2080%
H₂/H₂O
prediction

Figure 5-5 Experimental data versus Nakajo model adjusted for Ningbo cells.
Samples normalised to 0.38 μm Ni particle radius. Note the superior fit to the
sample data points compared to the unadjusted model equation.
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Figure 5-5 shows the resultant modelling predictions versus their respective
experimental data. Visually the comparison for the data versus prediction shows a
good fit for 800C 50/50% and 20/80% H2/H2O samples. For all experiments a trend is
visible wherein the first 250h data points show higher values then predicted. This
suggests that a more rapid agglomeration is taking place in the first portion (<250h),
at which point the agglomeration slows down, and could suggest a higher
exponential order of fit. The data collected from 700°C 20%/80% H 2/H2O shows
significant divergence from the expected curve, with 500h especially being larger
than expected. Assuming that the assumed value of 𝑟𝑁𝑖∞ is correct, this model
suggests that it would take a cell operating at 700°C 15,000h what the 900°C would
take 2000h to achieve in Ni particle growth (with 20%/80% H 2/H2O composition).
These types of prediction could be valuable for developing accelerated testing
experiments. Pure nickel metal has a melting point of 1728K, and coarsening is
known to be more common [239] above 2/3rds of a metal’s melting point. For pure
nickel metal 2/3rds of 1728K is 1152K, thus ~879°C. This would mean that
coarsening should be more noticeable for 900°C than 800°C or 700°C, which is
apparent from the data collected.

5.3 Gao Ni Particle Radius Modelling
Gao et al [284] have developed a model based on the surface diffusion aspect of Ni
transport limited by the YSZ backbone component of the cermet. The use of Fick’s
diffusion law, the Gibbs-Thomson relation for vacancy concentrations and percolation
in the Ni network via coordination number theory are combined to produce the
values. It has much of the same basis of Vassen’s work on which it is based. This
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work is based exclusively on a surface diffusion driven model, founded on the
principal that grain boundary or bulk diffusion should be 3 orders of magnitude
smaller than surface diffusion [282], and the evaporation-condensation mechanism
will be negligible as the water pressure of Ni containing species is low for the
suggested operation conditions (T<1000°C) [209].

5.3.1

Nickel Radius Predicting Equation

The model is based on certain assumptions, which include:

- Only testing with low water vapour content in the fuel is modelled to avoid potential
effects of high steam content. Whilst the model may be suitable, steam influence was
not specifically investigated as part of the work. The model does not include a
specific steam factor in the prediction, unlike the Nakajo et al’s model.
- The microstructure must be representable through random particle packing.
Previous existing literature on the matter suggests this is a valid assumption, but
novel design systems involving various microstructural setups such as core-shell
structures [298], nanoparticle infiltrated cells, and nano-composites systems may be
out of the scope of the model
- The existence of a stable YSZ backbone. A highly percolated network is key to the
validity of the model, and if percolation is significantly lower than this it may change
the manner or process in which the Ni particles agglomerate (or reduces the limiting
factor the YSZ provides in the cell).
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Similar to Equation 5-5 and Equation 5-6 from Vassen’s modelling section, an
equation evaluating the change in volume for a larger particle is shown in Equation
5-12 and Equation 5-13, with the notable difference of the inclusion of the 𝑛
parameter, and the combination of parameters into one ∆𝑆; which is the surface area
of the vacancy diffusion.

𝑑𝑉𝑙
𝑑𝑟𝑙
= 4𝜋𝑟𝑙3
= ∑|𝑣𝑓 | = 𝑛𝑗𝑣 ∆𝑆Ω
𝑑𝑡
𝑑𝑡

2
4𝜋(1 + 𝛽)3 𝑟𝑁𝑖

𝑑𝑟𝑁𝑖
= 𝑛𝑗𝑣 ∆𝑆Ω
𝑑𝑡

Equation 5-12

Equation 5-13

∆𝑆 = 2𝜋𝑟𝑁𝑖 𝛿𝑠

Equation 5-14

𝑑𝑉𝑙 is the change in volume of the large particle, and 𝑛 represents the average
number of small particles contacting a large particle. It is based on particle packing
theory which is discussed in more detail in section 5.4.

𝑛 = 𝑃𝑇𝑌𝑆𝑍

𝑍𝑁𝑖,𝑁𝑖
2

Equation 5-15

𝑍𝑁𝑖,𝑁𝑖 is the nickel coordination number (referred to as 𝑍𝑒𝑑,𝑒𝑑 later on to account for
electronically conductive particles), and is divided in half as only the smaller particle
contributes to diffusion flow. 𝑃𝑇𝑌𝑆𝑍 is used to take into account the blocking effect of
the YSZ backbone from further agglomeration of the Ni particles. It corresponds to
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the probability of a Ni particle growth lifetime 𝑡𝑔 larger than the set given time t i.e.
𝑃𝑇𝑌𝑆𝑍 = 𝑃(𝑡𝑔 > 𝑡). The probability that for 𝜆 at a time t, the particles will stop
growing, would result in a constant value is shown in Equation 5-16

𝑃(𝑡 < 𝑡𝑔 + ∆𝑡| 𝑡𝑔 > 𝑡) = 𝜆 . ∆𝑡 (∆𝑡 > 0)

Equation 5-16

Through using the nature of conditional probability Equation 5-16 can be used to
derive a value for 𝑃𝑇𝑌𝑆𝑍 :

Equation 5-17

𝑃𝑇𝑌𝑆𝑍 (𝑡) = 𝑒 −𝜆𝑡

This value may be assumed to be constant [299] and when fully resolved as in [284]
gives Equation 5-17, where the initial condition of 𝑃𝑇𝑌𝑆𝑍 (𝑡 = 0) = 1 is used.

2𝛾𝛺 1
2𝛾𝛺 1
𝐶𝑟𝑁𝑖 = 𝐶𝑓 𝑒𝑥𝑝 (
) ≈ 𝐶𝑓 (1 +
)
𝑘𝐵 𝑇 𝑟
𝑘𝐵 𝑇 𝑟

Equation 5-18

In Gao’s model the value of 𝐶𝑟𝑁𝑖 has an additional 2 multiplying their equation when
compared against Vassen’s derivation. Whilst not explicitly clarified why it is present,
similar to when evaluating a value for 𝑃𝑇𝑌𝑆𝑍 , it may be due to the fact that only the
small particles are contributing to the diffusive flow. The difference in concentration is
shown in Equation 5-19, similar to that in Equation 5-2.
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∆𝐶 = 𝐶𝑟𝑠 − 𝐶𝑟𝑙 = 𝐶𝑓

2𝛺𝛾 1 1
( − )
𝑘𝐵 𝑇 𝑟𝑠 𝑟𝑙

Equation 5-19

Using the same equation for Fick’s law of diffusion as previously in Equation 5-1, and
the previous addendums for Gao’s model, provides Equation 5-20.

2Ω𝛾
𝑗̅𝑣 = 𝐷𝑣,𝑠 𝐶𝑒 (
)
𝑘𝐵 𝑇 (𝑟

𝑁𝑖

𝑟𝑁𝑖
2

− ∆𝑟𝑁𝑖 2 )(𝑟𝑁𝑖 2 − ∆𝑟𝑁𝑖 2 )

0.5

2Ω𝛾
𝛽
=
𝑘𝐵 𝑇 (1 − 𝛽 2 )(1 − 𝛽 2 )0.5 𝑟𝑁𝑖 2

Equation 5-20

Using Equation 5-20, Equation 5-15, Equation 5-14 , allows for Equation 5-12 to be
rewritten into Equation 5-21.

𝑑𝑟
𝑒 −𝜆𝑡
=𝐶
𝑑𝑡
𝑟𝑁𝑖 4

Equation 5-21

Where C is defined in Equation 5-22. Solving Equation 5-20 results in the equation
for evaluating the mean radius of Ni particles in a SOFC Ni-YSZ anode (Equation
5-23).

𝐶=

𝛿𝑠 Ω𝐷𝑠 𝛾
𝛽
𝜂𝑁𝑖
𝑍0 𝜂
𝜂𝑌𝑆𝑍
2
2
0.5
3
𝑁𝑖
2𝑘𝐵 𝑇 (1 − 𝛽 )(1 + 𝛽 ) (1 + 𝛽)
𝑟𝑁𝑖(0) + 𝑟𝑌𝑆𝑍

𝑟𝑁𝑖 = (

1
5𝐶
(1 − 𝑒 −𝜆𝑡 ) + 𝑟𝑁𝑖(0) 5 )5
𝜆
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Equation 5-22

Equation 5-23

In an attempt to reduce the number of fitting parameters used to determine the value
for 𝑟𝑁𝑖 , a reworking of Equation 5-23 was suggested.

1

𝑟𝑁𝑖

5
5𝐶
5
5
5
= [𝑟𝑁𝑖∞
− (exp (− 5
)
𝑡)
(𝑟
−
𝑟
)
+]
𝑁𝑖∞
𝑁𝑖(0)
5
𝑟𝑁𝑖∞ − 𝑟𝑁𝑖(0)

Equation 5-24

𝑟𝑁𝑖∞ can be determined by calculating the value for the maximum radii of the large Ni
particle 𝑟𝑙 , and relating it to the 𝛽 relationship 𝑟𝑙 = (1 + 𝛽)𝑟𝑁𝑖∞ .

𝜓𝑒𝑑
4𝜋 3
4𝜋 3
𝑍̅ 4𝜋 3
4𝜋 3
𝑟𝑁𝑖
𝑟𝑙∞ =
𝑟𝑙(0) + [
] ( 𝑟𝑙(0)
+
𝑟 )
𝜓
𝜓
3
3
3 𝑠(0)
( 𝑟 𝑒𝑑 + 𝑟 𝑒𝑙 ) 2 3
𝑁𝑖
𝑌𝑆𝑍

Equation 5-25

Where 𝜓𝑒𝑑 and 𝜓𝑒𝑑 are the volume fractions of solids in the anode. Equation 5-24
removes the need for another fitting parameter in 𝜆, thus simplifying the fitting
necessary through reduction of adjustable parameters in a theoretical model.
Comparing of the two equations for 𝑟𝑁𝑖 (Equation 5-23 and Equation 5-24) showed
that the reduced adjustable parameter equation had very similar accuracy in terms of
producing accurate estimations of nickel particle growth. Due to this the second
equation has been selected in favour of the first.
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Table 5-2 Data Values used in Gao modelling equations
Symbol
𝑘𝐵

Description
Boltzmann constant

Value
1.38 x 10-23

Reference

𝛿𝑠

Thickness of inter-atomic spacing (2.5A)

2.5 x 10-10

[237]

Ω
у
𝑍

3

Volume Element (m )
Surface energy (J m-2)
Average coordination number, based off
Sanyal

1.09 x 10
1.9
6.7

-29

[237]
[237]
[288]

5.3.2 Comparisons of Models with Literature and Experimental Data
Through Equation 5-24 the model was compared to existing data [17, 19, 237] to
ascertain its suitability for low/non-existent steam content Ni radius growth rates. Due
to the adjustability of the 𝛽 parameter for fitting to the data the models are capable of
matching the experimental data with reasonable accuracy. Figure 5-6 and Figure 5-7
show the fitting of Tanasini et al [19], Faes et al [17] and Vassen et al’s [237]
experimental data with Equation 5-24, which shows strong correlation to the
predicted data. The 𝑟𝑁𝑖∞ values are determined via the fitting parameter and the
initial radius of the nickel particles. Allowing a means to determine the expected
change in radius and from further evaluation the expected change in performance.
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Figure 5-6 Gao model versus Faes and Tanasini data [17, 19]. The equation
uses fitting parameters to produce a highly comparable prediction of the
particle growth
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Figure 5-7 Gao model versus Vassen data showing Ni particle radius growth
over time [237].
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When the model is utilised for analysis of the experimental data from Ningbo cells,
the initial attempt used a value of 0.9 for 𝛽, which was further adjusted to get a
suitable fit with experimental data. The data as a whole has a number of points which
deviate from the predicted model shape, with fitting parameters used to minimise
deviations from the experimental data points. Table 5-3 shows the utilised fitting
parameters for the experimental data. Whilst the value itself is a phenomenological
parameter, it is of note that that the values for 𝛽 are relatively high for the Ningbo
cells compared to the comparison from literature as shown. Figure 5-8 shows the
model predictions versus experimental data.

0.55
700°C 100% H₂
0.53

Nickel Particle Radius (um)

0.51

800°C 100% H₂

0.49
0.47

900°C 97-3%
H₂/H₂O

0.45
0.43

900°C 97-3%
H₂/H₂O prediction

0.41

700°C 100% H₂
prediction

0.39
0.37
0.35
0

200

400

600

800

1000

1200

800°C 97-3%
H₂/H₂O prediction

Time (h)

Figure 5-8 Gao model versus experimental data. Similar to other literature the
equation does a good job of estimating the growth of the particles relative to
their temperature and starting particle size.
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Table 5-3 Fitting parameters used for various experiments.
Testing set [284]

𝜷

Temperature (°C)

Tanasini

0.68

800

Faes

0.76

850

Vassen

0.94

1000

700°C 100%

0.8

700

800°C 100%

0.87

800

900°C 97%/3%

0.9

900

5.3.3 Conclusions on Radius Modelling Equations
Looking over the models available for nickel particle radius prediction, Gao et al’s
and the adjusted variant of Nakajo et al’s both show suitability for anticipating long
term radius change in the SOFC anode. Nakajo et al’s model for higher steam
content (Equation 5-10), initially underestimates the growth of the particles in the
anode, but shows more accuracy as time goes on. The variability in the 700°C
20%/80% H2/H2O sample means any prediction is unlikely to match all data points,
though it’s final position at 1000h is reasonable given other data available. The Gao
et al model for low/negligible steam content was compared with the experimental
data from CHAPTER 4, and with suitably chosen fitting parameters shows a strong
correlation to the experiment. The predictions highlight the differences in operating
cells at 700°C, 800°C and 900°C, and in particular show the advantage to a slower
expected rate of change in Ni particle radius for lower operating temperature SOFC
anodes.
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5.4 Chen et al Percolation Model for TPB Length and Conductivity
Estimation
Determining microstructural change in SOFC anodes can be derived from anode
cross-sectional image analysis. This, though giving a first idea of how this could
impact on all performance, does not offer and immediate tool to estimate
performance degradation. In order to evaluate this, further modelling is necessary.
The previous work done by authors [286, 289, 300-303], to develop a predictive
model which describes important values such as electronic conductivity or TPB
length and density have been built through creating a set volume with a number of
spheres of electronic and ionically conducting particles of potentially varying type and
sizes. Looking at their number of contacts with adjacent particles, referred to as their
co-ordination number 𝑍, this can be used to create an appropriate physical setting to
calculate a variety of parameters such as TPB length per unit volume. The optimal
distribution of particles in the electrode is such that the particles connect to both the
electrolyte surface and the current collection surface by a continuous chain of
conducting particles. To establish whether the Ni or YSZ particles are connected in a
continuous link from their given starting point (the electrolyte for ionically conducting
particles, and the current collecting medium for electronically conducting particles) to
the opposing end, the percolation probabilities need to be analysed. Percolation
commonly refers to the flow of fluids through porous media, however in this case it
describes the connected lattice of particles and their connectivity in a set model. Ni
particles are here referred to as electrode particles as they are catalytically active
(apart from being electronically conducting) whilst YSZ particles are referred to as
electrolyte particles as they are ionically conducting.
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Particle packing in a system can lead to 3 styles of packing, which can loosely be
described as 1) low electrode particle loading, 2) equal particle loading, and 3) high
electrode particle loading. These three loading types affect the probability of an A, B
or C-type cluster, which have distinct networks that will determine their ability to
provide effective TPB sites. A-type clusters extend through the entire width of the
sample from the current collector to the dense electrolyte. B-type clusters extend
from their respective start point but not the entire width of the sample. These types
can contribute effective TPB sites, though they are not guaranteed to in the way A
type are. C-type clusters are formed away from either starting point and are secluded
from a possible connecting pathway. The probability that electrode particles (Ni in
this case) will belong to an specific cluster type is known as the percolation
probability of an electrode particle Ped. The percolation probability 𝑃𝑒𝑑 of the electrode
particles is dependent on the coordination number of the electrode particles with
other electrode particles 𝑍𝑒𝑑,𝑒𝑑 .

0.4

𝑃𝑒𝑑

3.764 − 𝑍𝑒𝑑,𝑒𝑑 2.5
= [1 − (
) ]
2

Equation 5-26

Figure 5-9 gives an example of each type of cluster in an imaginary anode
microstructure. However, it is still possible for two chains of ionic and electronically
conducting particles to reach each other as well as having sufficient porosity to be a
viable TPB point for reactions to take place without specifically reach their respective
alternative surfaces, which can mean that B-types clusters can still contribute
potentially, however for the analysis anything less than an A-type will not be deemed
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usable. This percolation probability of an A-type cluster is determined through
Equation 5-26, which is dependent on the average coordination number for each
specific group of particles throughout the electrode.

Figure 5-9 Anode microstructure type cluster example. A type represent fully
percolated networks connecting the YSZ material with the current collecting
medium. B and C types represent either un-connected networks or ones
without contact to the YSZ electrolyte material.
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Equation 5-27 shows the average coordination number 𝑍̅ of all particles within an M component packed bed, where M is the total number of particle sizes present, 𝑍𝑘 is
the coordination number and

𝜁𝑘 is the particle number fraction for particle k,

respectively. These are used to establish the suitable number for the entire packed
bed, which as the average value is used in further equations to help describe/predict
features based on the model number of contacts.
𝑀

𝑍 = ∑ 𝜁𝑘 𝑍𝑘

Equation 5-27

𝑘=1

The value of 6 for the average coordination number has been determined in literature
to be an accurate input for modelling purposes, by comparison with physical
simulations of packed bed distributions [301]. When determining if a particle loading
is likely to produce A-type clusters, the minimum value of coordination number
needed was shown to be 1.764 [303, 304], which with specific particle volume
loadings and sizes can be used to determine the critical volume threshold needed to
create A-type clusters. Higher levels of volume loading can lead to larger values for
the coordination number 𝑍 which gradually increase the percolation probability, 𝑃𝑒𝑑 or
𝑃𝑒𝑙 , of the electrolyte or electronically conducting particles

𝑍𝑒𝑑,𝑒𝑑

𝑐
𝜓𝑒𝑑
𝑟
= 𝑍 𝑐 𝑒𝑑
= 1.764
𝜓𝑒𝑑 𝜓𝑒𝑙
𝑟𝑒𝑑 + 𝑟𝑒𝑙

Equation 5-28
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𝑍𝑒𝑙,𝑒𝑙

𝑐
𝜓𝑒𝑙
𝑟
= 𝑍 𝑐 𝑒𝑙
= 1.764
𝜓𝑒𝑙 𝜓𝑒𝑑
𝑟𝑒𝑙 + 𝑟𝑒𝑑

Equation 5-29

Equation 5-28 and Equation 5-29 describe the electrode and electrolyte material
average coordination numbers respectively, and are analogous to each other. These
can be used to find the critical threshold value for the respective volume loadings for
a given particle size, and the effects of an increased percentage of ionically or
electronically conductive material. These values are determined by the relative
particle radii 𝑟𝑒𝑑 and 𝑟𝑒𝑙 (nickel for electrode and YSZ for electrolyte), volume
𝑐
𝑐
fractions 𝜓𝑒𝑑 and 𝜓𝑒𝑙 , their respective percolation thresholds 𝜓𝑒𝑑
and 𝜓𝑒𝑙
and the

overall coordination number for all particles 𝑍.

𝜓𝑒𝑑

𝑉
3
𝑛𝑒𝑑
4𝜋𝑟𝑒𝑑
𝑘
𝑘
𝑉
𝑛𝑁𝑖
𝑟3
3
𝑘 𝑁𝑖𝑘
= 𝑀 𝑉
=
𝑉 3
∑𝑙=1 𝑛𝑚 4𝜋𝑟𝑚3
∑𝑀
𝑙=1 𝑛𝑚 𝑟𝑚
3

𝑚

𝜓𝑒𝑑 = ∑ 𝜓𝑒𝑑 𝑘 ,
𝑘=1

Equation 5-30

𝑛

𝜓𝑒𝑙 = ∑ 𝜓𝑒𝑙 𝑘

Equation 5-31

𝑘=1

The volume fractions are determined by the number of Ni and YSZ particles per unit
3
𝑉
𝑉
3
volume 𝑛𝑒𝑑
, 𝑛𝑒𝑙
and the relative radii of the specific particles 𝑟𝑁𝑖
, 𝑟𝑌𝑆𝑍
.
𝑘
𝑘
𝑘
𝑘
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𝑛𝑘𝑉 =

𝑜
𝜓𝑒𝑑
=
𝑘

(1 − 𝛷𝑔 )𝜓𝑘

𝜓𝑒𝑑 𝑘
,
𝜓𝑒𝑑

Equation 5-32

4
𝜋𝑟 3
3 𝑘

𝑜
𝜓𝑒𝑙
=
𝑘

𝜓𝑒𝑙 𝑘
𝜓𝑒𝑙

Equation 5-33

Equation 5-30 calculates the volume fractions of a specific material or particle, and is
exclusive of porosity such that a 40%Ni, 40% YSZ, 20% pore distribution would be
𝜓𝑒𝑑 = 𝜓𝑒𝑙 = 0.5. The total volume fraction of the electrode and electrolyte particles
can be found through summing the respective particles as seen in Equation 5-31,
which can then be used to find their relative particle volume percentage shown in
Equation 5-33. The k notation refers to a particle of a specific size, and can also be
used when evaluating the relative volume fraction of a specific particle size in non𝑜
𝑜
binary systems 𝜓𝑒𝑑
, 𝜓𝑒𝑙
. The number of particles per unit volume determined by
𝑘
𝑘

Equation 5-32 is evaluated through the porosity 𝛷𝑔 , the particle radius and the
volume fractions.

To establish the value of coordination number, 𝑍𝑒𝑑,𝑒𝑑 , 𝑍𝑒𝑙,𝑒𝑙 are used to evaluate the
percolation probability. When looking to calculate the average coordination number
for all m electrode particles Equation 5-34 uses the summation of the coordination
number among the same type of particles and the number fraction 𝜁𝑒𝑑𝑘 of edk
particles.

𝑍𝑒𝑑,𝑒𝑑

𝑚
∑𝑚
𝑘=1 ∑𝑘=1 𝜁𝑒𝑑𝑘 𝑍𝑒𝑑𝑘 ,𝑒𝑑𝑙
=
∑𝑚
𝑘=1 𝜁𝑒𝑑𝑘
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Equation 5-34

Figure 5-10 Percolation thresholds based on particles size ratio rel/rio and
electrolyte

volume

fractions

φel

[303].

The

upper

bound

represents

compositions where high ionic percolation existing whilst the lower bound is
for electronic percolation. The mid-region represents the optimal volume ratio
to provide high percolation for both materials.

𝜁𝑘 =

𝑉
𝑛𝑒𝑑
𝑘
𝑉
∑𝑀
𝑛
𝑙=1 𝑙

𝜓𝑒𝑑𝑘
𝑟𝑘3
=
𝜓𝑙
∑𝑀
𝑙=1 3
𝑟𝑙

Equation 5-35

Equation 5-35 calculates the fraction of a certain type (or size within a type) of
particle relative to the other particles present in the set unit volume. When combined
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with Equation 5-34 an equation for electrode-electrolyte contact can be formed,
which for a binary system produces Equation 5-36

𝑍𝑒𝑑,𝑒𝑙

𝜓𝑒𝑙
2
𝑟𝑒𝑑
𝑟𝑒𝑙
= 0.5 (1 + 2 ) 𝑍̅
𝜓𝑒𝑑
𝑟𝑒𝑙
∑𝑀
𝑒𝑑=1 𝑟
𝑒𝑑

Equation 5-36

With the previous equations it is possible to establish parameters and variables for
the model through which values for conductivity and TPB lengths can be estimated.

𝑡𝑒𝑟,𝑒𝑓𝑓

𝜎𝑒𝑑

𝑡𝑒𝑟,𝑜
= 𝜎𝑒𝑑

∑𝑛𝑘=1 2𝑟𝑒𝑑𝑘 𝑆𝑒𝑑𝑘

𝜇

𝑛
𝑡𝑟𝑎,𝑒𝑓𝑓

𝜎𝑒𝑑

Equation 5-37

𝛿𝑆

𝑡𝑟𝑎,𝑜
= 𝜎𝑒𝑑
[∑(1 − 𝛷𝑔 )𝜓𝑒𝑑𝑘 𝑃𝑒𝑑 ]

Equation 5-38

𝑘=1

Work by Chen et al [305] developed Equation 5-37 for YSZ calculations and
𝑡𝑒𝑟,𝑜
estimates the effective inter-particle electronic conductivity where 𝜎𝑒𝑑
is the intrinsic

inter-particle conductivity, 𝑆𝑒𝑑𝑘 is the surface area fraction of all electrode particles (of
size k), 𝛿 is the thickness of the boundary between particles and 𝑆 is the geometric
cross-sectional area of the composite electrode. Equation 5-38 estimates the
𝑡𝑟𝑎,𝑜
effective intra particle electronic conductivity, where 𝜎𝑒𝑑
is the intrinsic intra-particle

electronic conductivity, 𝛷𝑔 is the porosity and 𝜇 is the Bruggeman factor which
accounts for tortuosity and is typically 1.5 [289] (as previously introduced in section
2.4.3).
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𝑡𝑒𝑟
The effective contact area between electrode particles per particle layers 𝑆𝑒𝑑𝑘
is

calculated by Equation 5-39, which is determined by the total number of electrode
particles, the electrode-electrolyte coordination number, the electrode percolation
probability, the overall geometrical surface area of the composite electrode and the
cross-sectional surface area per contact 𝑎𝑒𝑑,𝑒𝑙 .

𝑚
𝑡𝑒𝑟
𝑆𝑒𝑑𝑘

𝑉
= ∑ 𝑎𝑒𝑑𝑘,𝑒𝑑𝑙 (𝑟𝑒𝑑𝑘 𝑆)𝑛𝑒𝑑𝑘
𝑍𝑒𝑑𝑘,𝑒𝑑𝑙 𝑃𝑒𝑑

Equation 5-39

𝑙=1

𝑎𝑒𝑑,𝑒𝑙 = 𝜋𝑟𝑐2

The parameter 𝑟𝑐

Equation 5-40

is the neck radius formed by two particles with overlapping

boundaries. The value is determined from Equation 5-41 by using the smallest of the
two radii at any given point in time. 𝜃 is the contact angle of the particles as seen in
Figure 5-11 .

𝑟𝑐 = 𝑠𝑖𝑛𝜃(𝑚𝑖𝑛(𝑟𝑘 , 𝑟𝑙 ))

Equation 5-41

In both cases the equations are interchangeable for electrode and electrolyte
particles. In certain cases by looking to calculate the dimensionless values of the
inter and intra granular conductivities it can show the impact of certain physical
properties or ratios of material sizes or loadings.
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Figure 5-11 Example of k and l particles overlapping and visual of neck radius
rc.. and resultant contact angles θ produced.

𝑡𝑒𝑟,𝑒𝑓𝑓

The dimensionless effective electronic inter-particle conductivity 𝜎̃𝑒𝑑
𝑡𝑟𝑎,𝑒𝑓𝑓

dimensionless effective intra particle electronic conductivity 𝜎̃𝑒𝑑

and the

are estimated

through equations Equation 5-42 and Equation 5-43 . 𝛿 is the thickness of the grain
boundary, which was estimated to be around 5nm for YSZ [306].

𝑡𝑒𝑟,𝑒𝑓𝑓
𝜎̃𝑒𝑑

𝑡𝑟𝑎,𝑒𝑓𝑓
𝜎̃𝑒𝑑

𝑡𝑒𝑟,𝑒𝑓𝑓

=

𝜎𝑒𝑑

𝑡𝑒𝑟,𝑜
𝜎𝑒𝑑
𝑟𝑒𝑑 𝑠𝑖𝑛2 𝜃(1 − ∅𝑔 )
𝛿

𝑡𝑟𝑎,𝑒𝑓𝑓

=

𝜎𝑒𝑑

𝑡𝑟𝑎,𝑜
𝜎𝑒𝑑
(1

− ∅𝑔

)𝜇

= [𝜓𝑒𝑑 𝑃𝑒𝑑 ]𝜇
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Equation 5-42

Equation 5-43

For a binary mixture, it is assumed that the TPB length per unit volume 𝜆𝑉𝑇𝑃𝐵 is the
result of the contact perimeter between electrolyte and electrode particles and the
total number of contact points per unit volume. 𝜆𝑉𝑇𝑃𝐵 has been shown to directly
influence cell performance through adjustment of the ASR as seen in Figure 2-16.
The value is determined as shown in Equation 5-44 . For systems with more than 2
particle size distributions, however, the percolation of the particles is critical to allow
for complete transfer pathways (whether ionic or electronic), and so the effective TPB
length per unit volume is often more useful for comparison and can be determined
from Equation 5-45 . The contact perimeter between overlapping electrode and
electrolyte 𝑙 = 2𝜋𝑟𝑐 is multiplied with the number of particles and their respective
coordination number with which they contact.

𝑉
𝑉
𝜆𝑉𝑇𝑃𝐵 = 𝑙𝑒𝑑,𝑒𝑙 𝑛𝑒𝑑
𝑍𝑒𝑑,𝑒𝑙 = 𝑙𝑒𝑑,𝑒𝑙 𝑛𝑒𝑙
𝑍𝑒𝑙,𝑒𝑑

Equation 5-44

𝜆𝑉𝑇𝑃𝐵,𝑒𝑓𝑓 = 𝜆𝑉𝑇𝑃𝐵 𝑃𝑒𝑑 𝑃𝑒𝑙

Equation 5-45

When dealing with multicomponent mixtures the overall equation remains functionally
the same, but the variation introduced by the variety of particle sizes needs to be
factored in to allow for accurate estimate of the effective TPB length per volume. If
the volume fraction 𝜓𝑒𝑑 , 𝜓𝑒𝑙 and the radii ratios among all particle types are fixed this
generates Equation 5-46
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𝑚

𝜆𝑉𝑇𝑃𝐵,𝑒𝑓𝑓

𝑚

𝑉
= ∑ ∑ 𝑙𝑒𝑑,𝑒𝑙 𝑛𝑒𝑑
𝑍𝑒𝑑,𝑒𝑙 𝑃𝑒𝑑 𝑃𝑒𝑙

Equation 5-46

𝑘=1 𝑙=1

Similar to the conductivities, the dimensionless values for the TPB length per unit
volume can be such that 𝜆𝑉𝑇𝑃𝐵,𝑒𝑓𝑓 is only dependant on the porosity and the particle
radii ratio. Which can be useful for comparing particle variation differences.

𝜆̃𝑉𝑇𝑃𝐵,𝑒𝑓𝑓 =

𝜆𝑉𝑇𝑃𝐵,𝑒𝑓𝑓
(1 − ∅𝑔 )𝑠𝑖𝑛𝜃
2
𝑟𝑒𝑑

Equation 5-47

Table 5-4 Data values used in Chen model.
𝛿
ϴ
σtra,o

Thickness of grain-boundary between 5.4 nm (from
particles (m)
YSZ)
Contact angle between two particles
15 taken almost
arbitrarily
Intrinsic bulk material conductivity
7.8 * 10-4 (Ωm)
(Nickel) (S/m)
*(Ts-293)*0.006

σter,o

Intrinsic conductivity of the particle
interface (S/m)

𝑟𝑒𝑙

Electrolyte particle (YSZ) radius

𝜓𝑒𝑑

Volume loading of Electronically
conducting particles (Ni)
Volume loading of ionically
conducting particles (YSZ)
Average coordination number

𝜓𝑒𝑙
𝑍̅
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1 order of
magnitude less
than bulk
0.5 μm
0.4
0.6
6

[306]
[303]
[307]

Evaluated
from image
analysis
Based on
Ningbo cells
Based on
Ningbo cells
[289]

5.4.1 Non-dimensional Comparison of Model
As described in Equation 5-47 , the nondimensional equation for the TPB length per
unit volume looks at the effects of the particle radii and their respective loading and
its impact on percolation threshold, contacting points, etc. Figure 5-12 shows how the
changing Ni particle radius at set operating conditions (800°C, 50%/50% Ni-YSZ
mass loading, Ni∞=1.3, ϴ=15°, 50%/50% H2/H2O gas stream, 𝛷𝑔 =0.2), as defined by
Nakajo et al’s model, are affected by different set electrolyte particle sizes (which like
the Ni particles are normalised relative to their initial starting radius). Unsurprisingly
the most effective system involves a balance of 𝑟𝑒𝑑 /𝑟𝑒𝑙 with the same particle size (in
the case of Figure 5-12 this is 𝑟𝑒𝑙 =1.3). This is do the particle packing allowing for a
better percolated network when the particles are the same (or close to) size as each
other. Notable the performance for 𝑟𝑒𝑙 = 1.1 starts higher then drops progressively
over time. This is due to the increase size difference between 𝑟𝑒𝑑 and 𝑟𝑒𝑙 resulting in
a reduction in percolation in the system.
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Figure 5-12 Nondimensional 𝝀̃𝑽𝑻𝑷𝑩,𝒆𝒇𝒇 for varying set electrolyte particle sizes.
The Ni radius has been set to 1.2 and highlights how at around the same size
the performance is best but as the YSZ size gets larger or smaller you see a
reuction in effective TPB length per unit volume.

The volume loading in the cell is important to allow for a sufficient percolation
probability to provide pathways for ions and electrons. If the values for 𝑃𝑒𝑑 and 𝑃𝑒𝑙
fall too low then the value for 𝜆𝑉𝑇𝑃𝐵,𝑒𝑓𝑓 will eventually tend towards zero. In Figure
5-13 you can see this effect as for volume loadings which go to extremes in terms of
minimal Ni or YSZ loading, their respective 𝑃𝑒𝑑 and 𝑃𝑒𝑙 drop down as the Ni radius
changes from smaller than the set electrolyte mean radius to larger than it. In reality it
would be unlikely that the shift in particle radius due to agglomeration would cause a
complete loss of percolation for all particles as per the model predictions, but the end
result will likely mimic its performance.
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Figure 5-13 Nondimensional 𝝀̃𝑽𝑻𝑷𝑩,𝒆𝒇𝒇 comparison of varying volume loadings.
Samples with similar to slightly more YSZ show best performance with those
samples heavily favouring one material showing reduced values. Not the drop
of values to 0 in the extreme settings is a result of the percolation model as the
Ni radius changes over time.

Looking at the effect of the max normalised Ni particle radius in Figure 5-14, it
appears that the smaller the max particle size the more favourable the end 𝜆̃𝑉𝑇𝑃𝐵,𝑒𝑓𝑓 .
Perhaps more interesting are the gaps between the max values, which is evenly
spaced in terms of 𝑟∞ , but the values for 𝜆̃𝑉𝑇𝑃𝐵,𝑒𝑓𝑓 can vary by as little as ~0.28
between 1.1 and 1.2, or ~0.5 for 1.2 to 1.3.
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Figure 5-14 Nondimensional 𝝀̃𝑽𝑻𝑷𝑩,𝒆𝒇𝒇 comparison of different rNi∞ values. This
figure shows how a smaller value of rNi∞ compared to the YSZ mean particle
size results in the best possible 𝝀̃𝑽𝑻𝑷𝑩,𝒆𝒇𝒇 .
Due to percolation “incompleteness” the resistivity for Ni loadings below 40% results
in an asymptotic increase in resistivity. Resistivity increases for Ni loadings of 60%
and above is marginal compared to the % increase seen in lower Ni loadings (40%),
as shown in Figure 5-15.
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Figure 5-15 Variation of resistivity with varying volume loading. As expected a
higher quantity of Ni reduces the overall resistivity in the sample, which
particularly large relative increases above 50% loading.

5.4.2 Chen Model Combined with Gao and Nakajo model
Based on the relevant Ni particle radii predictions, the change in the predicted TPB
length per unit volume and conductivity can be modelled to highlight long term loss in
performance. Figure 5-16 and Figure 5-17 highlight the potential changes undergone
in the Ni-YSZ anode microstructures as tested in CHAPTER 4. With regards to the
relevant issues in the degradation of Ni-YSZ anodes the loss of TPB lengths for
reactions to take place and the general loss of conductivity over time due to
coarsening are contributing factors.
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Figure 5-16 Relative effective TPB change based on Gao/Nakajo radius
predictions and Chen percolation model. The drop seen in 900°C 20-80%
H2/H2O and 900°C 97-3% H2/H2O is present in all Nakajo models and relates to
the change in mean Ni particle radius to a value larger than the mean YSZ
particle radius.
With regards to both figures, it is important to note that the two different models for
particle radii growth have different 𝑟𝑁𝑖∞ . As it represents a maximum value for a mean
value of the Ni particle distribution, it only offers a statistical statement, however
derived (estimation for Nakajo and equation for Gao). For the Gao model compared
with the experimental data, a lower set of 𝑟𝑁𝑖∞ values are determined (equivalent of
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0.52 μm versus the value of 0.59μm seen in Nakajo et al’s model), leading to earlier
peaks for reaching the max size and thus also reach their minimum plateaus for
effective TPB lengths per unit volume and effective conductivity sooner as shown in
Figure 5-12 to Figure 5-14 (in a given operational setting). These were not adjusted
to show each model’s potential predictive features.

Due to the fact that the experimental results for 800°C 97%/3% H 2/H2O resulted in a
negative growth rate, they were not included for comparison and although the 900°C
97%/3% H2/H2O experiments similarly have a small amount of steam present, the
Gao model was used despite not taking into account the small presence of water.
Due to accuracy of theoretical to experimental data the projections should be suitably
comparable. The modelling equations for Chen’s section build on an average
coordination number of 6, whilst in Gao’s model a value of 6.7 is used. Both values
are defended in their respective works, so rather than trying to select one over the
other, both values are used for their respective calculations. Principally the difference
suggests a low number of contacts for Chen et al’s calculations and thus an
underestimate of derived parameters for values for TPB length per unit volume.
Clearly the value has more importance in the particle packing model by Chen et al,
as it influences every variable determined.
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Figure 5-17 Relative effective conductivity (S/m) based on combined
Gao/Nakajo radius predictions and Chen percolation model using equations
Equation 5-37 & Equation 5-38.

Whilst Figure 5-17 shows that the relative electronic conductivity of Ni over time for
given conditions has a strong dependence on the specified temperature, with lower
temperatures clearly benefiting from higher initial conductivities and slower growth
rates. Obviously this benefit works against the ionic conductivity which improves with
increasing temperature. Normally the electronic conductivity is not the limiting factor
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in anode performance, but over extend hours of operation could be an important
factor to consider. The value for the conductivity chosen in this example is that of
pure Ni, which may overestimate the overall conductivity.

5.5 Particle Radius Estimation and Parameter Evaluation
Conclusion
Two models for predicting the nickel particle radii change in given temperature and
fuel composition operating conditions have been combined to evaluate any possible
regime undergone in a humidified hydrogen Ni-YSZ anode. This is further added to a
particle packing model capable of predicting various parameters of the anode for a
given mean particle size, allowing a time dependant model which can predict
important parameters such as the change in TPB length per unit volume over time,
which correlates directly to a loss of overall performance as previously mentioned.
These models have their radii predictions compared to experimental data and show
suitable accuracy for reliable recreations. These values are further used to predict
their relative losses over time in conductivity and TPB lengths. Whilst the models
clearly present a powerful tool when analysing very long term performance
(especially in combination with microstructural data from shorter tests) , the
importance of certain parameters used to fundamentally describe the changes inside
of the anode benefit from accurate evaluation. Often times deciphering the values
from available data is unclear and thus care has to be taken when adapting the
model to different cell circumstances.
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CHAPTER 6

Image Analysis and the Determination of

Triple Phase Boundary (TPB) points

Due to the importance of TPB sites in fuel cell systems, a loss in the number of TPB
points is relatable to the loss of electrochemical performance in the cell. A change in
the number of TPB points directly impacts the overall TPB effectiveness i.e. those
TPB points connected via a percolated network in the cell. Being able to generate
viable means of calculating the number of TPB points presents an important tool for
establishing the change in performance of a sample under analysis.

Utilisation of image analysis of experimental SEM images provides a means of
establishing values for effective radius, x,y coordinates and material. This information
can then be utilised to determine meaningful microstructural data. For example it
provides values for Ni particle and pore contact angles, the number of TPB sites and
the length of the distance between the overlapping intersection points, or overlap
lengths, of Ni-pore contacts. Further observing the variation these parameters over
time provides a means of assessing degradation/aging.

6.1 Microstructural
The electrochemical performance is directly linked to the microstructure of the anode
[289]. As discussed previously in CHAPTER 2, the TPB points are a key
microstructural feature for the electrochemical performance of the anode. However
these are not the only microstructural features that affect the electrochemical
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performance as only TPBs on a percolated network directly contribute to the
electrochemical performance of the cell. In this section the image analysis is briefly
discussed, highlighting the method used for generating the variables used in the
analysis. A Laplacian adjacency matrix is constructed to establish contacts for the Ni
particle and pores generated from the image analysis. The Laplacian adjacency
matrix is then further processed to distinguish the Ni-Pore contacts in the image.
From here a value for the Ni and pore contact angles θ and overlap length can be
established. For the purposes of conciseness pores may be referred to as particles
for the purpose of explaining how the data is collected.

6.1.1 Percolation
To allow for effective conduction of ions and electrons the Ni and YSZ particles must
have sufficiently percolated networks throughout the anode. This means Ni particles
connected to the interconnect surface, and YSZ particles connected to the electrolyte
surface. Visual examples of percolated versus non-percolated particles can be seen
in CHAPTER 5. The porosity must equally allow for connected pathways for delivery
and removal of gas involved in the electrochemical process at the TPB sites.

2D imaging does not allow for an accurate mean of establishing the percolation in a
system. Detailed 3D analysis is needed to develop a more precise idea of the
effectiveness of TPB sites in terms of their connection to a percolated network. Thus
percolation in the samples is not investigated and all values for TPBs are presented
as imaged.
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6.1.2 Image Analysis
The imaging process follows the method described in section 3.3, wherein SEM
images are converted and generate values for further analysis such as the particle
area. This process is applied to the Ni particles and pores in the sample, and the
YSZ was treated as the background value. This was decided as the YSZ particles
have a relatively un-circular shape, meaning the circle approach would be less
appropriate for comparison. The Ni particles and pores are roughly circular and
approximated as such to allow for an effective radius to be determined for each
particle in an image. Also of the 3 phases in the system the YSZ was clearly the most
connected of the phases, suggesting a high level of percolation and relatively even
distribution through the system.

The data available from the microstructural analysis (CHAPTER 4) produced
parameters describing the x,y centre coordinates as well as a radius and a material
distinction (Ni or Pore). These parameters are further analysed by a programme. The
programme aims to achieve a few steps .1) To represent the circles as defined by
their given parameters, 2) establish whether the circles have an overlapping
intersection with another circle or has no contacts, 3) then the circles which have
intersections with particle not of the same material type are collected and presented
in an array available for output into excel files for further analysis. This allows for
calculation of the total number of TPB points as well as the overlap length of
overlaps.
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6.1.3 Laplacian Adjacency Matrix
A Lapacian adjacency matrix is used in graph theory to represent graphs without self
loops. As such it is a useful tool in investigating interconnectivity and percolated
networks between particles. Establishing if the particles are in contact is done
through measuring the Euclidean distance 𝑑 between the particles as shown in
Figure 6-1, where 𝑟 is the particle radius and 𝑥 𝑎𝑛𝑑 𝑦 are their respective
coordinates. The evaluation of 𝑑 is shown in Equation 6-1. If the value for 𝑑 is less
than the combined values for the particle radii they are in contact.

r1

(x1, y1)

r2

d

(x2, y2)

Figure 6-1 Diagram of Euclidean distance between two particles to determine if
in contact. The respective x,y coordinates are used to determine if the distance
d between the samples is less than or equal to the combined radius values.

𝑑 = √(𝑥2 − 𝑥1 )2 + (𝑦2 − 𝑦1 )2
If

Equation 6-1
𝑑 ≤ 𝑟1 + 𝑟2 = 𝑐𝑜𝑛𝑡𝑎𝑐𝑡
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An example of the process for representing contact is shown in Figure 6-2, where a
number of particles are in contact and one has no contacts. This is represented in a
matrix which is then analysed to see whether the particle has contacts and if so what
the contact angle is as well as the material contacting nature (different or the same).
These lists are compiled and an average value for the Pore and Ni contact angle are
produced, as well as the cumulative value of the TPB points and the overlap length.

2
1

4

3
b)

a)

Figure 6-2 For determining the nature of contacting circles a Laplacian
adjacency matrix was applied with a) example image of circular particles and b)
the respective Laplacian adjacency matrix representing contacts.

It is worth noting that the sum of the rows is equivalent to double the number of
contacts. For example in the above example, there are two contacts but would
numerically be counted as four.

6.1.4 Identifying Nickel-Pore Contacts
For each circle created from the radii generated from the imaging analysis a material
flag was ascribed. This value is used when identifying which particles have contact
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with other particles (or pores), and in particular contact with a different material to its
own.

6.1.5 Theta Value and Lengths
The contact angle is known to influence electrochemical performance [289], as this
affects the TPB length. For determining the values of the contact angle and the
overlap length, Figure 6-3 show a visual representation of the how the parameters
are established.

P

φ

Pore

θ

Nickel Particle

O

Figure 6-3 Diagram describing the nature of contact angle and overlap length.
The distance between intersecting points P and O represent the overlap length
for the pore and Nickel contact.

The contact angle θ, as defined as the arc created from the two intersection points, is
evaluated as the whole contact angle, however it is important to note that the value
used in literature previously by Costamagna [303] is half this value. For establishing
the overlap length a straight line is drawn between the given intersection points and
this value is then exported. In reality the Ni particle is not going to deform on contact
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with a pore, but for any given interface the length of the intercept is going to be
proportional to the arc, and thus serves as a useful analysis tool. Equation 6-2
𝑟𝑎𝑑
describes the relationship, where 𝑟𝑁𝑖,𝑒𝑓𝑓 is the effective Ni particle radius, 𝜃𝑁𝑖
is the

contact angle in radians, and 𝑎𝑟𝑐𝑁𝑖 is the resultant arc length.
𝑟𝑎𝑑
𝑟𝑁𝑖,𝑒𝑓𝑓 𝜃𝑁𝑖
= 𝑎𝑟𝑐𝑁𝑖

Equation 6-2

The value φ represents the YSZ contact angle. It is known as the supplementary
angle of the intersection angle. Figure 6-4 shows the variables used to establish the
value for φ.

φ
P
Niθ1/2

Ξ

Poreθ1/2

Figure 6-4 Diagram showing the radius of each circle to the intersecting point P
and the tangent lines at those points. The resultant angles above and below are
shown by φ and Ξ respectively.
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φ

Ξ
Poreθ1/2

ϘNi

ϘPore

Niθ1/2

Figure 6-5 Depiction of triangle created by Niθ1/2 and Poreθ1/2 and that created
by the tangents to the radius at the point of intersection P.

As tangential lines perpendicular to the radius we know the that the right angles
formed allow determination of the angles Ϙ𝑁𝑖 and Ϙ𝑃𝑜𝑟𝑒. As all the interior angles
formed in a triangle are 180°, we can establish the combined values for intersection
angles 𝛯 and thus 𝜑. Equation 6-1 to Equation 6-7 show the process for this
calculation.

Ϙ𝑁𝑖 = 180 − 90 − 𝑁𝑖𝜃1/2

Equation 6-3

Ϙ𝑃𝑜𝑟𝑒 = 180 − 90 − 𝑃𝑜𝑟𝑒𝜃1/2

Equation 6-4

𝜑=𝛯

Equation 6-5

Page 198-240

𝛯 = 180 − Ϙ𝑃𝑜𝑟𝑒 − Ϙ𝑁𝑖

Equation 6-6

𝜑 = 𝑁𝑖𝜃1/2 + 𝑃𝑜𝑟𝑒𝜃1/2

Equation 6-7

6.2 Comparisons of SEM and ImageJ Images with Image analysis
Output

In both Figure 6-6 and Figure 6-7 , the circles being generated are those which share
an overlapping circumference, so particles without contact are not included (though
are calculated). The black and white image highlights more clearly the accuracy of
the circles to represent the individual particles and pores. Visually it shows that
certain particles which appear more oval in shape are likely to be wider than their
respective radius and equally shorter on the alternative section. Whilst this could
cause the process to falsely identify a contact or a non-contact with a pore and thus
could alter the number of TPB points, it is assumed in the model that this aspect
balances out over all images for comparison between data sets.
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Figure 6-6 Comparison of original cropped SEM image and it with overlapping
circles. Channels can be seen to form a collection of connected smaller pores
often surrounding the nickel particles.
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Figure 6-7 Comparison of colour thresholding, black and white creation of Ni
particles (and pores with YSZ) and watershed image with circle-generation
overlap model.
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In figure 6.5 we see a total of 297 particle pore contacts out of a total of 496 Ni and
pore particles. The particles with contacts are visible in the image.

6.3 TPB Identification
As discussed the YSZ forms the background for the images generated, and the Nipore interface defined by the circles generated through the effective radius values
are overlapped onto this background. The Laplacian adjacency matrix is used to
identify those particles in contact with other particles and through the material flag
further identify which ones are in contact with a different material i.e. a pore-Ni
contact. These contacts represent the TPBs in the image. As the particle is likely to
have two intersection points for a given pore-Ni contact, each set of contacts was
treated as 1 site for the sake of comparison within the data presented later on.

6.4 Modelling Results and Discussions
The data when analysed produced a selection of Ni and pore angles as well as their
overlap length. In Figure 6-8 the variation in the nickel contact angle θ is plotted for
the varying sample sets.
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Figure 6-8 Mean Ni θ values for samples sets over time. Each time frame shows
the average of two samples. Each sample was evaluated through 12 images
covering random sections of the sample.

Whilst there is a slight trend in an initial decrease of θ after the 250 hours, there is no
clear path taken by the contact angle in terms of change in a given temperature of
fuel regime over time, due to the intra-variation between sample sets. To see if
trends became more apparent, the values were adjusted according to their different
Ni area percentage compared to the mean value, as shown in Figure 6-9. Equation
6-8 shows the method for adjusting the Niθ values.

𝑁𝑖𝜃 × 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑖 𝑎𝑟𝑒𝑎 %
= 𝐴𝑑𝑗 𝑁𝑖𝜃
𝑆𝑎𝑚𝑝𝑙𝑒 𝑁𝑖 𝑎𝑟𝑒𝑎 %

Page 203-240

Equation 6-8
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Figure 6-9 Mean Ni θ values adjusted for variation in Ni area percent for
samples sets over time. Each time frame shows the average of two samples.
Each sample was evaluated through 12 images covering random sections of
the sample.

The figure shows smaller distribution between values, suggesting that the variation
in Ni θ was simply to do with sample sections. Under the assumption that porosity
cannot be further introduced, should the Ni contact angle remain constant then this
would be due to a parallel growth or change in mean pore value relative to the Ni
particle radius. It is however noted that there is a smaller downwards trends in
contact angle size over time, especially after the first 250h. If there is a change in
angle during the first 500h this is likely to be when change is undergone in the
sample. When looking at the θ values for pores and that of nickel, the samples
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generally show a trend where on value increase or decrease results in the opposite θ
value, which suggests that the value for the YSZ contact angle φ remains constant.

Table 6-1 shows the mean θ values as well as their standard deviation and its
relative size to the mean. The combined θ value is related to the value of YSZ’s θ
(the value is double φ) at the intersection points, and the small standard deviation is
a sign of the relatively constant ratio between Ni θ and pore θ values.

Table 6-1 Mean θ values and relative standard deviation.
Ni θ

Mean
Std. dev
% dev

pore θ

Combined
θ

Ni θ/ Ni %

32.60

81.81

114.38

32.26

3.34

5.21

2.70

2.23

10.36

6.37

2.36

6.89

When looking at the data regarding number of TPB points and the overlap length of
Ni and pore, it highlights that no definitive overall trend exist with the data as
generated from the analysis. Many of the samples see a decline in TPB as expected
but some samples in fact show an increase over time. Due to the nature of TPB
points being related to the ratio of Ni volume and porosity, the values were adjusted
according to this ratio, to better reflect the number of points between samples.
Equation 6-9 describes this adjustment ratio

𝑁𝑖 𝑎𝑟𝑒𝑎 %
(
) × 𝑇𝑃𝐵 = 𝑎𝑑𝑗 𝑇𝑃𝐵
𝑃𝑜𝑟𝑒 𝑎𝑟𝑒𝑎 % + 𝑁𝑖 𝑎𝑟𝑒𝑎 %
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Equation 6-9
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Figure 6-10 TPB points divided by respective Ni area %/porosity ratio over time
for a given temperature (°C) and fuel composition (H2/H2O). The curve is a
power law fitting of the data to show general trends.

The data presented in Figure 6-10 highlights the change over time for the number of
TPB points. Power law trendlines have been applied to the data sets to suggest the
presented decrease in TPB points over time for a given temperature and fuel regime.
The graph is representative of the loss of performance in the Ni-YSZ anode, as
highlighted in Figure 2-16. Compared to previous analysis of Ni particle radii and the
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suggested change in TPB lengths according to modelling, these results suggest a
closer relationship between the high and low steam content tests at 900°C.

The data in Figure 6-10 does not include the values for 800°C 50-50% H2/H2O and
800°C 97-3% H2/H2O runs. The 50-50% H2/H2O run was very irregular in the values
generated for TPB points. This is likely a circumstance of when the extreme
deviations are generated from a sample on similar run. The initial 250h test provided
a particularly high mean value for the mean Ni particle radius, which is mirrored by
the relatively low evaluation of TPB points. For 97-3% H2/H2O the trend is the same
as that in the particle radius, the 250h and 1000h samples look to be reversed, with
the highest mean radius and lowest number of TPB points present in the 250h
samples rather than the 1000h.

Table 6-2 R2 values relative to sample set for TPB points fitting curves.
Sample
Set
R2

700°C
100% H2

0.931

700°C 2080%
H2/H2O

0.885

800°C
100% H2

0.654

800°C 2080%
H2/H20

0.8529

900°C 973% H2/H2O

0.972

900°C 2080%
H2/H2O

0.952

The fitting curves generated in Figure 6-10 had respective R2 values determined.
Most show a high level of ability for the generated curve equations to take into
account the variance of the data points to the curve. Whilst the values themselves
look good with regards to validating the suggested curves it is important to note that
these values do not inherently mean the curves are good fits for the data.
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Figure 6-11 TPB overlap length adjusted according to Ni area percent vs.
porosity ratio for a given temperature (°C) and fuel composition (H2/H2O). The
curve is a power law fitting of the data to show general trends.

The final aspect of the analysis looks over the overlap length generated from the
pore-Ni particle contact. Unlike the TPB points this is more likely to acknowledge the
larger surface area available on larger particles-pore sites whilst still taking into
account the actual number of points. It is however only a gauge to compare against,
as the exact distance between a contact of Ni-Pore-YSZ is likely to impact the actual
effectiveness of a given site. Figure 6-11 shows the plotting of the values adjusted to
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take into account the Ni-Pore ratio as done previously. The figure has similar trends
to that analysing TPB points, however, 800°C 100% H2 presents a significantly higher
value than expected. 800°C 50-50% H2/H2O however, in this analysis shows a trend
more in keeping with the expected change over time, mirroring that seen in the
700°C 20-80% H2/H2O sample. The other curves follow an expected pattern over
time, with the relative availability of effective TPB length decreasing over time. Similar
to the previous analysis R2 values were determined to highlight potential suitability for
the given curves. Unsurprisingly 800°C 100% shows a weaker accounting for the
variance then the other curves.

Table 6-3 R2 values relative to sample set for TPB overlap length fitting curves.
Sample
Set
R2

700°C
100%H2

0.948

700°C 2080%H2/H2O

0.688

800°C
100%H2

0.654

800°C
5050%
800°C 20H2/H2O 80%H /H 0
2
2

0.895

0.770

900°C
97-3%
H2/H2O

0.989

900°C 2080%H2/H2O

0.964

6.5 Conclusions

An approach capable of analysing nickel and pore data containing x,y coordinates,
radius and a material identifier and capable of providing an indication of the Ni and
pore contact angles, TPB points and an overlap length for the pore-Ni interface is
presented. Intra-variation between sample sets prevented ascertaining trends in the
samples. To overcome this issue the mean Ni contact angles and TPB
points/overlaps were adjusted according to their Ni content and Ni content/porosity
ratio respectively. The Ni and pore contact angles from the experimental data have
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been determined via this method. A mean Ni θ value of ~32° was determined, which
matches closely with previous literature values [303]. An initial decrease in Ni θ is
seen for some sample sets for 250h, however after this time the samples are fairly
constant in their values. Ni and pore θ values when combined values (and thus the
YSZ contact angle) showed very consistent values, suggesting that the ratio of pore
size distribution to nickel particle distribution changes over time are proportional. This
is likely caused by the YSZ microstructure influencing the change of the Ni particles
and pores. An increase in temperature and/or steam content both correlated to a
decrease in the number of TPB points and overlap lengths over time. Samples run at
higher temperature and steam content can be used to predict the life microstructure
change in samples meant to run at lower operating conditions and steam content in
shorter time periods via this analysis technique.
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CHAPTER 7

Conclusions and Further Work

7.1 Discussion of the Value of the Work Presented Here
The importance of understanding the microstructural changes in SOFC anodes and
how this impacts on the long term performance of the cells, is a fundamental issue
for the successful commercialisation of SOFCs. Comparative testing of the effects of
steam content and temperature on the microstructural change is limited in availability
in literature due to the necessity for long term testing. 3D analysis whilst more
detailed and accurate in its presentation of microstructural information, is significantly
more time consuming and dependant on costly equipment, and thus alternatives
which offer accurate interpretations of the trends in microstructural change at less
analytic effort supply potential alternative avenues for analysis. In particular for the
development of new material compositions or differing microstructural parameters,
the ability to test samples for relatively short durations for establishing the longer
term projected performance has tangible cost and time saving benefits. By operating
cells at higher temperature and steam compositions, estimations for the change in
microstructure are feasible, and can be extrapolated back to more moderate
operating conditions more realistically representing SOFC system operating
conditions.

Samples were tested in varying degrees of steam content from 0% up to 80%, and
temperatures of 700°C, 800°C and 900°C. The samples were cut, polished and
imaged to create a portfolio of data to represent the microstructures in question. The
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ImageJ software used to create black and white representations of the pores and
nickel particles uses a thresholding method to present a suitably accurate description
of the likely particle dimensions. These values were analysed to determine the
particle size distributions present in the samples, and mean values for the nickel
particle and pore sizes were determined. These were compared with the determined
Ni area percentage and porosity, to draw conclusions on representative changes in
the mean Ni radius over time for given test regimes. Ni particle radius growth rates
were plotted against each other and temperature was seen to impact the rate of
agglomeration for the Ni particles, as shown in Figure 4-9, in particular for those
samples tested at 900°C. This was attributed to the fact that metals are known to
coarsen more significantly above 2/3rds of their melting point, which for Ni is 879°C.
Coarsening was accelerated by increasing the steam content, and all samples with
20-80% H2/H2O showed comparatively larger mean Ni particle size for the same time
section compared to those with little to no steam content (0-3%). Porosity in some
samples was lower compared to the expected value of ~15 area percent for the given
Ni content.

By taking the x,y coordinates, radius and material identifiers from the microstructural
analysis, a programme code capable of providing Ni and pore contact angles, TPB
points, and an overlap length for the pore-Ni interface was developed. A method to
determine the Ni and pore contact angles from the experimental data was achieved
and a mean Ni θ value of ~32° was determined, which matches closely with previous
experimental analysis [303]. A proportional change in Ni and pore size distribution
over time was determined through comparison of the combined θ values. Data for the
TPB points and the overlap length of the experimental samples was generated and
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through adjustment relative to their Ni area percentage and porosity were analysed
for trends. The TPB points, much like the Ni particle radii, showed a representative
change over time, with the reduction in the number of Ni particles through diffusion of
smaller particles into larger adjacent particles leading to a reduction in the total
number of available TPB sites. The overlap length analysis provided another
interesting insight into changes occurring in the SOFC anode, being able to more
representatively show the changes occurring in the 800°C 50-50% H2/H2O sample
compared simply to the number of sites. Temperature and steam content both
correlated to a decrease in the number of TPB points and overlap lengths over time,
however, the effect of steam was more noticeable below 900°C, where the effect of
the temperature presented a more determinate role in overall change of TPB points
and overlap.

Models for predicting Ni particle radius growth as well as microstructurally determined
features such as conductivity and TPB length were presented in this work. Two
models for predicting the nickel particle radius change for a given temperature and
fuel composition were presented, allowing predictions of Ni growth rate dependant on
the steam content to be established. The radius predictions are incorporated into a
particle packing model capable of predicting various parameters of the anode for a
given mean particle size, allowing for a time dependant model which can predict
important parameters such as the change in TPB length per unit volume over time.
The radius predictions were compared to experimental data and showed good
correlation in their estimations of growth rates. The benefits of being able to predict
various aspects of the anode performance change were described; however, it is
important to note that different systems and material compositions can require
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alternative values determined for various parameters presented to ensure model
accuracy. As the model can perform with 2 dimensional data it allows for a less
demanding analysis route compared to 3 dimensional models.

By running new samples or set ups through a higher temperature and steam
combination, a better projection of the longer term performance is determinable in a
shorter period of time. With more cell design moving towards lower temperature to
reduce operating and equipment costs, the relative decrease in performance of
anode components will take significantly longer at 700°C compared to 900°C to
plateau in terms of Ni particle growth. Thus by utilising the models and reference
data in this thesis a method for determining the rate of performance loss can be
determined for samples. An example of the use of the model for effective TPB length
per unit volume is shown in Figure 7-1. The sample run at 900°C and a fuel
composition of 20-80% H2/H2O reached its plateau in terms of degradation in 1/10 th
of the time taken for a sample at 700°C and 100% H2 (roughly 1,600 hours versus
16,000 hours). Of course there are certain assumption and differences that need to
be taken into account when making these comparisons. Firstly whilst it is assumed
the steam only has an accelerating effect on the Ni particles, it is worth noting it could
lead to other influencing factors such as increased loss of Ni mass due to
volatilisation. This would likely show an increased value for the mean Ni particles as
smaller particles would deplete at a faster rate. Also steam is generated during the
reactions along the length of the anode and thus degradation is not likely to be
consistent along its length, potentially altering when it reaches its plateau. Equally
whilst comparatively there is only a 200°C difference between both tests, different
mechanisms can dominate in different temperature regimes. For example the
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increased coarsening seen above 2/3rd a metals melting point noted in CHAPTER 4.
Both these points alone highlight that any comparison made between the testing
conditions is only an indication of the relative performance. No data for a 16,000 hour
test was attempted and thus its expected change is only a prediction. Any significant
physical investment in using this procedure would ideally complete a test of this
length to understand any other factors and the accuracy its ability to predict can

Effective TPB length per unit volume

provide.

4.5E+12
4E+12

700°C 100%
H₂

3.5E+12
3E+12
2.5E+12
2E+12

1.5E+12

900°C 2080%
H₂/H₂O

1E+12
5E+11
0
0

5000

10000

15000

Time (h)

Figure 7-1 Example of TPB effective length modal predictions for use in
accelerated testing. The significantly shorter time taken for the higher
temperature and steam content testing to reach the plateau can be used to
potentially predict longer term performance of a variety of samples.
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7.2 Further Work
The nature of the work was to investigate the microstructural change occurring in the
study experiments in order to allow for extrapolation of the change in performance in
the

cells.

Comparison

of

these

microstructural

changes

with

long

term

electrochemical experiments both for performance data but also as a cross
comparison of the microstructural change would be of benefit to the research. Due to
the reactions taking place in the anode the specific amount of steam at a given
location in a cell may vary, and comparisons between regions of cells may provide
interesting insight into regional variations in cell degradation

Certain parameters

used in modelling in this thesis are based on relatively limited available data in
literature. An in-depth analysis to determine the variables and how some of them are
affected by the materials in question or their physical properties could benefit the
accuracy of the model. Also seeing how different material compositions, especially
with alternatives to YSZ or with doped Ni, perform to allow for integration with the
model would add to the field of study. 3D tomography represents a tool for very
detailed analysis of the microstructure in SOFCs, and if incorporated with 3D
modelling tools can potentially allow for improvements in microstructural optimisation
(relative to initial particle size distributions, pore former choice, etc.). The effects of
contaminates in the fuel stream can have progressive degradation effects on the
anode, and can affect the grain growth rate, volatisation, and TPB point changes
considerably. Models capable of predicting the change in these parameters based on
the level of contaminates would benefit from further testing done with respect to
these variables. If combined with a model for cathode degradation, a complete
description of the effects of degradation affecting the SOFC could be presented for
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cell optimisation and testing. Lastly the ability of the thesis to adequately provide a
detailed approach for accelerated testing were briefly described in the thesis, and
further comparison of the predictions with significantly longer term (10,000+ hours)
testing would allow for further validation of the work.
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Appendix

Working out of Ni radius via Nakajo method
2
𝑟𝑔𝑁𝑖

𝐸𝑎𝐷𝑎𝑛 1
𝑥𝐻2 𝑂 𝑟𝑔3𝑁𝑖∞ − 𝑟𝑔3𝑁𝑖
𝜕𝑟𝑔𝑁𝑖
1
= 𝑘0𝐷𝑎𝑛 𝑒𝑥𝑝 ⌊−
( −
)⌋ 0.5
𝑅
𝑇𝑠 𝑇𝑟𝑒𝑓 𝑥𝐻2 𝑟𝑔3𝑁𝑖∞ − 𝑟𝑔𝑁𝑖(0)
𝜕𝑡
𝐾 = 𝑘0𝐷𝑎𝑛 𝑒𝑥𝑝 ⌊−

𝐸𝑎𝐷𝑎𝑛 1
𝑥𝐻2 𝑂
1
( −
)⌋ 0.5
𝑅
𝑇𝑠 𝑇𝑟𝑒𝑓 𝑥𝐻2

𝑟𝑔𝑁𝑖 (𝑡) = (𝑟𝑔3𝑁𝑖∞ − exp

−3𝐾𝑡 − 3𝐶𝑟𝑔3𝑁𝑖∞ + 3𝐶𝑟𝑔3𝑁𝑖
𝑟𝑔3𝑁𝑖∞ − 𝑟𝑔𝑁𝑖(0)

1
3

)

To evaluate constant C we check limits
At time t=0, 𝑟𝑔𝑁𝑖 = 𝑟𝑔𝑁𝑖(0)

𝑟𝑔𝑁𝑖 (𝑡) = (𝑟𝑔3𝑁𝑖∞ − exp

3
𝑟𝑔𝑁𝑖
(𝑡)

=

𝑟𝑔3𝑁𝑖∞

− exp

−3𝐶𝑟𝑔3𝑁𝑖∞ + 3𝐶𝑟𝑔3𝑁𝑖(0)
𝑟𝑔3𝑁𝑖∞ − 𝑟𝑔𝑁𝑖(0)

−3𝐶𝑟𝑔3𝑁𝑖∞

𝑟𝑔3𝑁𝑖∞ − 𝑟𝑔𝑁𝑖(0)

𝑎𝑛𝑑

At time t=∞ , 𝑟𝑔𝑁𝑖 = 𝑟𝑔3𝑁𝑖∞
The exponential of -∞ is 0

1

𝑟𝑔𝑁𝑖 (𝑡) = (𝑟𝑔3𝑁𝑖∞ )3
This is only true when the value for r =1
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)

+3𝐶𝑟𝑔3𝑁𝑖(0)
𝑟𝑔3𝑁𝑖∞ − 𝑟𝑔𝑁𝑖(0)

3
𝑟𝑔𝑁𝑖
(𝑡) = 𝑟𝑔3𝑁𝑖∞ + (𝑟𝑔3𝑁𝑖(0) − 𝑟𝑔3𝑁𝑖∞ )

𝑟𝑔𝑁𝑖 (𝑡) = 𝑟𝑔𝑁𝑖(0)

1
3

Nakajo model with data used for Thyden 750°C 50-50 H2/H2O
clear all
clc

% Remove data from the workspace
% Clear screen

% System parameters
rinf=1.38;
c1=1-rinf^3;
k0=1.05e-3;
Ea=15.15*10^3;
R=8.314;
Ts=1023;
Tref=873;
chiH20=0.50;
chiH2=0.50;

%
%
%
%
%
%
%
%
%

The Ni radius at infinite time
Coefficient
Rate of reaction
Energy barrier (J/mol)
Universal gas constant (J/mol*K)
Sample temperature (K)
Reference temperature (K)
Molar fraction of H20
Molar fraction of H2

tinit=0;
% Initial time value (h)
tend=4000;
% End time value (h)
tinc=1;
% Increment in time value (h)
t=[tinit:tinc:tend];
% Time vector
mu=1.5; %Burggeman factor, for tortuosity (would possibly vary, but value used
is typically 1.5
Zavg=6; %Overall average coordination number of all solid particles, often
given as 6.
rel=1.2; %Radius of ion conducting material (electrolyte YSZ) (normalised)
psied=0.75;
%Total solid volume fraction for electrode (electronic conducting
material)
psiel=0.25;
%Total solid volume fraction for electrolyte (ionic conducting
material)
delta=0.000000005;
%Thickness of inter-particle material (m), such as a
grain boundary. estimate of 5nm for literature.
theta=15;
%Contact angle between two particles in degrees,
there is likely to be a max value for this, and whilst newly contacting
particles will have a smaller value
phig=0.20;
%Porosity
s=0.00005;
%Geometric cross-section area of composite
electrode (m^2), based of 1cm b 0.5cm sample
sigmainterintrinsiced=(1/((1/1282051)*(Ts-293)*(6*10^-3)));
%Intrinsic
conductivity of the particle interface of Ni, (S/m)
sigmaintraintrinsiced=(1/((1/12820512)*(Ts-293)*(6*10^-3)));
%Intrinsic
material conductivity of Ni, (S/m)
sigmaintraintrinsicel= 6.7;
%Intrinsic material conductivity of YSZ intraparticle, from Chen paper (S/m) at 945C
sigmainterintrinsiced= 0.5;
%Intrinsic material conductivity of YSZ interparticle, from Chen paper (S/m) at 945C
% Derived parameter
K=k0*exp(-Ea/R*((1/Ts)-(1/Tref)))*chiH20/ sqrt(chiH2);
figure(1)
hold on

% Creates figure or moves active figure to figure(1)
% Does not over write figure

%Solve for r at time t
red=(rinf^3+(1-rinf^3)*exp(-3*K*t/(rinf^3-1))).^(1/3); %Growth of radii of
electronically conducting particles, in this case the Nickel particles
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r=(red/10000000);
%Reduction of normalised
particle radius (1-1.4) down to ~10nm length
psiced=((1.764/Zavg*psiel/rel)/(1-(1.764/Zavg)))*red;
%Percolation threshold
volume fraction for electrode (electronic conducting material)
psicel=((1.764/Zavg*psied./red)/(1-(1.764/Zavg)))*rel; %Percolation threshold
volume fraction for electrolyte (ionic conducting material)
zetee=(psied./red.^3);
%Combined variables
zeted=((psiel./rel.^3) + (psied./red.^3));
%Combined variables
zetaed=(zetee./zeted.^1);
%Particle number
fraction for electrode particles
zetael=(psiel/rel^3)./((psied./red.^3)+(psiel/rel^3)); %Particle number
fraction for electrolyte particles
combi=(psied./r);
%Combined value of
threshold volume divided by the radius, for ease of writing
combiel=(psiel/(rel/10000000));
%Combined value of
threshold volume divided by electrolyte radius, for ease of writing
Zeded=0.5*(1+((rel^2)./(red.^2)))*Zavg.*((psied./r)./(((psied./r).^1)+(psiel./(r
el./10000000).^1)));
%Average number of
contacts electrode with neighbouring electrode particles
Zedel=Zavg.*psiel./rel./psied./red;
%Average number of
contacts electrode have with neighbouring electrolyte particles, true for binary
component mixtures
Zeled=0.5*(1+((rel^2)./(red.^2)))*Zavg.*psied./red./psiel./rel.^1; %Average
number of contacts electrolyte with neighbouring electrode particles
Ped=(1-(((3.764-Zeded)/2).^2.5)).^0.4;
%Percolation probability
of electronically conducting materials (Nickel) belonging to an A type clustertrue for binary and multicomponent
Zelel=Zavg*((psiel/rel)./((psiel./rel)+(psied./red))); %Average number of
contacts electrolytes have with neighbouring electrolyte particles
Pel= (1-(((3.764-Zelel)/2).^2.5)).^0.4;
%Percolation probability
of ionically conducting materials (YSZ) belonging to an A type cluster

ra = (rel/10000000)*sind(theta);
rb=r*sind(theta);

%neck radius of electrolyte particles

for i=1:length(rb)
if ra < rb(i)
rc(i) = ra;
else
rc(i) = rb(i);
(opposite to hypotenuse length)of the
end
diamond formed by the two particles.
end

%rc is the shortest opposite length
%triangle formed by the contact angle

aeded=pi*rc.^2;
%cross-sectional contact area
between a k-particle and a l-particle (m^2)
nved=((1-phig)*psied)./((4/3)*pi*r.^3);
%Number of Ni particles per
unit volume
stered=aeded.*(2*r*s).*nved.*(Zeded./2).*Ped;
%Effective contact surface
area between electrode particles per particle layer (m^2)

for i=1:length(r)
if r(i) > (rel/10000000)
minredrel(i) = (rel/10000000);
radius of either Red or Rel at given time
else
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%Selects smallest

minredrel(i) = r(i);
end
end
sigmaintraeffed=sigmaintraintrinsiced.*(((1-phig)*psied.*Ped).^mu); %Effective
grain boundary conductivity (S/cm)
dimensionlesssigmaintraeffed=((psied.*Ped).^mu);
%Dimensionless effective intra electronic conductivity (through grain boundary),
sigmaintereffed=dimensionlesssigmaintereffed*sigmainterintrinsiced.*r*((sind(the
ta))^2)*(1-phig)/delta;
%Effective grain interior effective conductivity
(S/cm)
dimensionlesssigmaintereffed=(2*stered)/(s*((sind(theta))^2)*(1-phig));
%Dimensionless effective conductivity through grain interior
lamdaVTPBeff=((3/2)*minredrel/r.^3)*(1-phig)*(sind(theta))*Pel.*Zedel.*Ped.
*psied;
%Effective TPB length
dimensionlesslamdaVTPBeff= lamdaVTPBeff./(((1-phig)*sind(theta))./r.^2);
%Dimensionless effective TPB lengths per unit volume

Gao Model for thesis generated data
clear all
clc

% Remove data from the workspace
% Clear screen

% System parameters
y=1.9;
%Surface Energy (Jm-2)%
Omega=(1.09*10^-29);
%Volume element/volume of a vacancy (m3)%
ds=2.5*(10^-10);
%thickness of surface through which diffusion
takes place%
kb=1.38*(10^-23);
%Boltzmann constant% (previously multiplied
by for some reason? hours maybe(60^-2)*(60^-2))
Z0=6.7;
%Initial Coordination Number
psiel=0.6;
%Total solid volume fraction for electrolyte
(ionic conducting material)
psied=0.4;
%Total solid volume fraction for electrode
(electronic conducting material)
rel=0.5*(10^-6);
%ysz particle radius%
r0= 0.38*(10^-6);
%initial particle radius%
k0=1.05e-3;
% Rate of reaction
Ea=15.15*10^3;
% Energy barrier (J/mol)
R=8.314;
% Universal gas constant (J/mol*K)
Ts=1173;
% Sample temperature (K)
Tref=873;
% Reference temperature (K)
chiH20=0.97;
% Molar fraction of H20
chiH2=0.03;
% Molar fraction of H2
mu=1.5;
%Burggeman factor, for tortuosity (would
possibly vary, but value used is typically 1.5
Zavg=6;
%Overall average coordination number of all
solid particles, often given as 6.
delta=0.000000005;
%Thickness of inter-particle material (m),
such as a grain boundary. estimate of 5nm for literature.
s=0.00005;
%Geometric cross-section area of composite
electrode (m^2), based of 1cm by 0.5cm sample
phig=0.2;
%Porosity
sigmaintraintrinsicel= 6.7;
%Intrinsic material conductivity of YSZ
intra-particle 945°C
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sigmainterintrinsicel= 0.05;
%Intrinsic material conductivity of YSZ
inter-particle 945°C
sigmainterintrinsiced=(1/((1/1282051)*(Ts-293)*(6*10^-3)));
%Intrinsic
conductivity of the particle interface of Ni, (S/m)
sigmaintraintrinsiced=(1/((1/12820512)*(Ts-293)*(6*10^-3)));
%Intrinsic
material conductivity of Ni, (S/m)
theta=15;
%Contact angle between two particles in degrees, there
is likely to be a max value for this, and whilst newly contacting particles will
have a smaller value
tinit=0;
tend=4000;
tinc=1;
t=[tinit:tinc:tend];

%
%
%
%

Initial time value (h)
End time value (h)
Increment in time value (h)
Time vector

Ds=exp(0.0127*Ts - 37.345);
B=0.9;
appropriate for given cells
rl0=(1+B)*r0;
rs0=(1-B)*r0;

%Adjusted value for Ni radius evaluation
%Attributed empirically determined value
%Maximum Ni particle radius
%Minimum Ni particle radius

C=((Ds*y*Omega*ds)./(2*kb*Ts)).*(B/((1(B^2)).*((1+(B^2)).^0.5)*((1+B).^3))).*Z0.*(psied/((psied/r0)+(psiel/rel)));
rlinf=(((4/3*pi*(rl0^3))+
(((psied/r0)/((psied/r0)+(psiel/rel)))*(Z0/2)*(4/3*pi*(rl0^3)+(4/3*pi*(rs0^3))))
)/((4/3)*pi))^(1/3);
rinf=(rlinf)/(1+B);
red=((rinf^5)-((exp((-5*C*t)/((rinf^5)-(r0^5)))).*((rinf^5)-r0^5))).^(1/5);

psiced=((1.764/Zavg*psiel/rel)*red)/(1-(1.764/Zavg));
%Percolation threshold
volume fraction for electrode (electronic conducting material)
psicel=((1.764/Zavg*psied./red)*rel)/(1-(1.764/Zavg)); %Percolation threshold
volume fraction for electrolyte (ionic conducting material)
zetee=(psied./red.^3);
%Combined variables
zeted=((psiel./rel.^3) + (psied./red.^3));
%Combined variables
zetaed=(zetee./zeted.^1);
%Particle number fraction for
electrode particles
zetael=(psiel/rel^3)./((psied./red.^3)+(psiel/rel^3));
%Particle number
fraction for electrolyte particles
Zedel=0.5*(1+((red.^2)./(rel.^2)))*Zavg.*((psiel./rel)./(psied./red));
%Average number of contacts electrode have with neighbouring electrolyte
particles, true for binary component mixtures
Zeled=0.5*(1+((rel^2)./(red.^2)))*Zavg.*((psied./red)./(psiel./rel)); %Average
number of contacts electrolyte with neighbouring electrode particles
Zeded=Zavg*((psied./red)./((psied./red)+(psiel./rel))); %Average number of
contacts electrode with neighbouring electrode particles
Ped=(1-(((3.764-Zeded)/2).^2.5)).^0.4;
%Percolation probability
of electronically conducting materials (Nickel) belonging to an A type clustertrue for binary and multicomponent
Zelel=Zavg*((psiel/rel)./((psiel./rel)+(psied./red))); %Average number of
contacts electrolytes have with neighbouring electrolyte particles
Pel= (1-(((3.764-Zelel)/2).^2.5)).^0.4;
%Percolation probability
of ionically conducting materials (YSZ) belonging to an A type cluster
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ra = rel*sind(theta);
rb=red*sind(theta);
for i=1:length(rb)
if ra < rb(i)
rc(i) = ra;
else
rc(i) = rb(i);
opposite length (opposite to hypotenuse length)of the
end
contact angle diamond formed by the two particles.
end

%rc is the shortest
%-triangle formed by the

aeded=pi*rc.^2;
%cross-sectional
contact area between a k-particle and a l-particle (m^2)
nved=((1-phig)*psied)./((4/3)*pi*red.^3);
%Number of Ni
particles per unit volume
stered=aeded.*(2*red*s).*nved.*(Zeded./2).*Ped;
%Effective contact
surface area between electrode particles per particle layer (m^2)

for i=1:length(red)
if red(i) > rel
minredrel(i) = rel;
either Red or Rel
else
minredrel(i) = red(i);
end
end

%Selects smallest radius of

sigmaintraeffed=sigmaintraintrinsiced.*(((1-phig)*psied.*Ped).^mu); %Effective
grain boundary conductivity (S/cm)
dimensionlesssigmaintraeffed=((psied.*Ped).^mu);
%Dimensionless effective intra electronic conductivity (through grain boundary),
sigmaintereffed=dimensionlesssigmaintereffed*sigmainterintrinsiced.*red*((sind(t
heta))^2)*(1-phig)/delta;
%Effective grain interior effective conductivity
(S/cm)
dimensionlesssigmaintereffed=(2*stered)/(s*((sind(theta))^2)*(1-phig));
%Dimensionless effective conductivity through grain interior
lamdaVTPBeff=((3/2)*minredrel/red.^3)*(1-phig)*(sind(theta))*Pel.*Zedel.*Ped.
*psied;
%Effective TPB length
dimensionlesslamdaVTPBeff= lamdaVTPBeff./(((1-phig)*sind(theta))./r.^2);
%Dimensionless effective TPB lengths per unit volume
sigmaefftotal=(1./((1./sigmaintraeffed)+(1./sigmaintereffed)));
%Effective total conductivity
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