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Abstract
This study investigated the overpotential performance enhancement of cathodes in
low temperature solid oxide fuel cells (LT-SOFCs) due to the addition of carbonates to
traditional Ce0.9Gd0.1O2 solid oxide fuel cell (SOFC) electrolytes. It was postulated in this
study that this enhancement was due to the protonic conductivity of the carbonates. This
provided an electrolyte with a dual conduction mechanism which improves the catalytic
performance of the cathode.
The cathode systems investigated were characterised for overpotential loss,
conductivity and thermal expansion matching with the electrolyte. This produced results
which predicted power outputs for a standard SOFC configuration as high as 970, 524
and 357 mW/cm2 at operational temperatures of 650oC, 600oC and 550oC. The benefits
of these high power outputs and their potential to further reduce SOFC operational
temperature was discussed.
This study developed a cost-effective, reliable and commercially scalable
manufacturing process for carbonate/Ce0.9Gd0.1O2 electrolytes. This pressureless sintering
method is the first reported in literature, and is a promising replacement for the current
hot-pressing technique currently used for these electrolytes.
The electrolyte composition examined was 70 wt% Ce0.9Gd0.1O2 with 30 wt%
carbonates (67 mol% Li2CO3 / 33 mol% Na2CO3). The cathode examined in this study
was a composite cathode consisting of 50-90 wt% functional cathode material (Gd1xSrxCoO3

with 10 to 30 mol% Sr doping on the Gd site) with a balance of electrolyte. It

was determined that the composite cathode system with 10 wt% electrolyte and 20-30
ii

mol% Sr doping was the optimal composition when operating at 600oC and above, with
predicted power densities of 524 and 510 mW/cm2 at 600oC. At operational temperatures
between 550oC and 600oC (and potentially lower), it was determined that a composite
cathode system with 30 wt% electrolyte and 10-30 mol% Sr doping was the optimal
composition.
It was found that the presence of carbonates in the electrolyte decreased the
overpotential losses of the cathode by 50-70% at 600oC for system studied; indicating that
an improvement in cathodic performance coupled with the high conductivities of the
electrolyte is most likely responsible for the high power outputs seen in literature.
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1 Chapter 1 Introduction
It is a well known fact that fossil fuels are a finite commodity, and that the human
race‟s dependence on this power source will eventually lead to their exhaustion. This
concern has been magnified over the past couple of decades with the rapid industrial
development of highly populated nations such as India and China. These two countries
are host to more than 37% of the world‟s population, and if their energy consumption per
capita reaches even half of that of the United States, there would be a 90% world-wide
increase in the demand for electricity [1]. This looming future shortage coupled with
other global events has caused the price of oil to rise more than 500% over the past ten
years1 [2].
Coupled with environmental concerns, (particularly global warming caused by
carbon dioxide emissions) there has been a strong drive in the research community to
develop more efficient, clean and cost-effective methods of power generation to allow for
self-sustainable energy production causing little or no damage to the environment.
Fuel cells have been identified as a promising energy conversion process
alternative to traditional fossil fuel power generation [3]. Fuel cells have the distinct
advantage over these traditional generation techniques in that they can directly convert
fuel into electricity without the need for combustion. The result is that fuel cells have a
higher theoretical efficiency for power conversion and emit substantially less (often none
at all) volatile carbon compounds than combustion engines and gas turbines, making them
a suitable candidate for both mobile and stationary energy generation.
1

Prior to the financial crisis in the fourth quarter of 2008
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While promising, fuel cells still have many obstacles that must be overcome
before they will have the ability to be integrated into our society. The three largest issues
being the cost of cell components and manufacturing, the life-expectancy and reliability
of the system and the availability of hydrogen, the traditional fuel used in fuel cells.
Solid Oxide Fuel Cells (SOFCs) are a specific genre of fuel cell. This type of fuel
cell is traditionally intended for operation between 800oC and 1000oC, with its functional
components consisting of entirely solid state ceramic materials. SOFCs have distinct
advantages over their other fuel cell counterparts in that their high temperatures allow for
fast chemical kinetics, high catalytic activity, fuel flexibility and thus higher efficiencies.
It has been projected that a hybrid SOFC/gas turbine power plant can operate at 70+%
efficiency (LHV) compared to the 60% expected from future advanced turbine systems
[3].
In the past couple of decades, research in SOFCs has focused on reducing their
operational temperature. Lower operational temperatures have been found to improve
two large problems in SOFCs: their life expectancy and reliability. However, decreasing
the operational temperature of SOFCs leads to a performance loss of the cells. For this
reason, research in this field has mostly focused on developing new materials systems
with superior properties at lower temperatures. This has resulted in „Intermediate
Temperature‟ SOFCs (IT-SOFCs) which operate between 600oC and 750oC.
More recently, „Low Temperature‟ SOFCs (LT-SOFCs) have begun to be
developed with operational temperatures between 400oC and 600oC [4,5]. LT-SOFCs are
based on unique dual-conducting electrolytes which have been found to produce

2

unprecedented performance at such low temperatures. These electrolytes are a composite
of traditional IT-SOFC oxygen ion conducting gadolinium doped cerium with proton
conducting carbonates. So far, little is known as to why these LT-SOFCs perform as well
as they do, especially with regards to the performance of the cathodes. Past observations
would imply that using perovskite based cathodes at these temperatures would lead to
high overvoltage losses that would cripple the functionality of these LT-SOFCs.
However, power outputs reported in the literature seem to indicate that they do not
produce the expected high overvoltage losses. This thesis focuses on examining the
performance improvement that these perovskite cathodes exhibit when coupled with the
LT-SOFC dual conducting composite electrolytes.

3

2 Chapter 2 Literature Review
2.1 Solid Oxide Fuel Cells
Fuel cells are most commonly associated with replacing internal combustion
engines in automobiles, owing to the massive amount of media attention that PEM
(Proton Exchange Membrane) fuel cells have received since the early 90s. However,
Solid Oxide Fuel Cells or SOFCs, while similar in principle to PEM fuel cells, vary
drastically in terms of potential applications.
The differences between PEM and SOFCs stem largely from their operational
temperatures. PEM fuel cells operate at about 80oC, whereas SOFCs typically operate
between 600oC and 1000oC depending on the electrolyte material. These high operational
temperatures for SOFCs result in relatively long start-up times, making them more well
suited for non-automotive application where start-up time is not an issue. For this reason,
SOFCs are seen as a potential replacement for stationary power generation, supplanting
less efficient, less environmentally friendly technologies.
At these high operational temperatures, there are many distinct advantages.
Excess heat produced by the exothermic electrochemical power generation process can be
harnessed through „bottoming cycles‟ to elevate theoretical efficiencies of a fuel cell
system from 50% to well above 80% [3]. In addition, the excess heat available in the
system can also be used to assist in the internal or external reformation of complex
hydrocarbons to produce hydrogen and carbon monoxide, two species that are active fuels
in SOFCs [6].
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Chemical kinetics are faster at higher temperatures, resulting in increased
diffusion (conductivity) and activity of the electrocatalytic components of the fuel cell,
ultimately reducing losses in the cell, and increasing efficiency. These rapid kinetics
allow for the use of cost-effective catalyst materials (such as perovskite ceramics) to be
used in favour of the more expensive platinum based catalysts found in many lower
temperature fuel cell types. However, there is a practical upper limit to operating
temperature, as high temperatures can lead to unfavorable chemical reactions and
interdiffusion between mated SOFC components.
High operational temperatures lead to large temperature gradients throughout the
system, especially during start-up and shut-down of SOFCs. It has been found that these
thermal gradients a large contributor to reliability issues found in SOFCs, which has
severely limited their typical life-expectancy. SOFCs consist of four repeating solid
ceramic layers, all of which rely on inter-layer adhesion (or contact resistance) to function
properly. Each layer is made up of a different ceramic composition with different thermal
expansion coefficients, and for this reason, every layer expands in a different manner
when exposed to thermal cycling. The result is that stresses are developed during thermal
cycling that can ultimately lead to delamination or cracking of the functional materials in
the cell. Also, many SOFCs must be sealed at these elevated temperatures to prevent fuel
and oxidant leakage. These seals are typically glass ceramic seals. While semi-solid at
operational temperatures, these seals solidify and become very brittle as they cool to room
temperature, often cracking and flaking during this process.

5

2.2 Motivation for Lowering the Operational Temperature of SOFCs
Initial research in SOFCs focused mostly on high temperature SOFC that operate
between 800oC and 1000oC. Yet reliability issues with these „high temperature‟ SOFCs
(HT-SOFCs) have caused a shift in research to focus on lowering the operational
temperature to the „intermediate temperature‟ (IT-SOFC) range (600oC-750oC), and
recently into the „low temperature‟ (LT-SOFC) range (400oC-600oC).
As the operating temperature of a SOFC is decreased, thermal gradients across
cell components are reduced during thermal cycling, reducing thermal stress build-up,
ultimately prolonging the structural integrity of the functional components of the system.
Also, because of the high temperatures in HT-SOFCs, expensive exotic metals and
ceramics must be used as structural housing for the fuel cell „reactor‟ or „hot-zone‟. In
lower temperature systems, materials can be replaced with more cost effective materials
such as stainless steel or even aluminum. Finally, as temperatures approach the LTSOFC range, the aforementioned glass ceramic seals can be replaced by more reliable
ceramic pastes or even high-temperature plastic seals.
The result of these factors is that a reduction in the operational temperature of
SOFCs leads to a decrease in materials and manufacturing costs, while increasing the
reliability. These come at the expense of decreased performance (more sluggish chemical
kinetics), which requires new materials systems with better performance characteristics to
be identified and optimised.

6

2.3 Principles of (Traditional) SOFC Operation
Fuel cells are similar to combustion-based power generation, in that they rely on a
reaction between a fuel and an oxidant to produce power. The major difference between
the two forms of power generation is in how the energy is harnessed from the
fundamental chemical reaction. In typical power generation, a fuel is ignited in the
presence of an oxidant to produce heat. This heat is then harnessed to create motion,
which ultimately is used to turn an electromagnetic generator to produce electricity. Fuel
cells eliminate the need for combustion by electrochemically reacting the fuel and the
oxidant to produce a direct current. In SOFCs, the typical overall reaction that takes
place is between hydrogen (fuel) and oxygen (oxidant), producing water:

(2-1)
This reaction produces a characteristic electromotive force (E0) governed by the
Gibbs free energy ( G) of the reaction, which is the source of the current/power produced
in SOFCs:

(2-2)

Where „n‟ is the number of electrons participating in the reactions (per mole of
oxidized fuel) and „F‟ is Faraday‟s constant. The Gibbs free energy of the governing fuel
cell reaction (Equation (2-1)) decreases as temperature increases, providing a higher
electromotive force as the temperature of the reaction decreases. At room temperature,
the value of this electromotive force (or reversible potential) for this reaction is 1.18V,
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this value decreases to 1.00V at 700oC, and to 0.91V at 1100oC. (This is another benefit
of reducing the operational temperature of SOFCs)
The „ideal potential‟ is also affected by the pressure2 of the products and the
reactant as shown by the Nernst Equation:

(2-3)

Where „E0’ is the theoretical voltage at standard pressure as defined by equation
(2-2), „R‟ is the universal gas constant, „T‟ is the temperature at which the reaction occurs,
and „P‟ is the partial pressure of the respective species identified in the subscript.
In order to properly harness the electromotive force developed by the reaction in
equation (2-1), the reaction must be separated into two independent oxidation-reduction
half reactions. In doing so, this electromotive force develops between the sites of these
half reactions, resulting in a potential for current flow.

Figure 2.1 – Solid Oxide Fuel Cell Reaction Mechanisms
2

These partial pressures represent pressure ratios between the actual pressure and a reference pressure (the
pressure that E0 is calculated for), and thus they have no units.
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In a SOFC, these half reactions are separated by a solid state electrolyte as shown
in Figure 2.1. Oxygen is fed to the surface of the cathode, diffusing through the porous
cathode layer to the cathode-electrolyte interface, where it encounters electrons generated
from the anode, producing oxygen ions:

(2-4)
These oxygen ions are conducted through the solid electrolyte to the anodeelectrolyte interface. Hydrogen gas, which is supplied to the porous anode, reacts with
these oxygen ions, liberating two electrons and producing steam:

(2-5)

The two electrons are conducted through an external circuit and back to the
cathode to complete the circuit. The motion of the electrons (and oxygen ions) is due to
the electromotive force. It is this spontaneous flow of electrons through an external
circuit that produces the useable power of a SOFC.
The nature of the electrochemical reaction pathways require several properties of
the different cell components in order for the SOFC to function properly. As previously
mentioned, both the anode and cathode must be porous and sufficiently permeable to gas
for an adequate supply of either hydrogen or oxygen at the respective electrolyte
interfaces where the half reactions take place. Both the anode and the cathode must be
electronically conductive to provide a source (anode) or sink (cathode) of electrons for
their respective half reactions. Finally, the electrolyte must be an oxygen ion conductor,
acting as a transfer medium of oxygen ions from one half reaction to the other. This
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electrolyte must be impermeable to the gaseous species present at both the anode and
cathode to prevent the fuel and oxidant from mixing.
It is of note that SOFCs also have the ability to utilize carbon monoxide as a fuel
source in lieu of hydrogen:

(2-6)
Carbon monoxide is a common by-product of complex hydrocarbon reformation,
and is often present in SOFC fuel streams. However, for sake of simplicity, only
hydrogen as a fuel will be discussed in this study.

2.4 Fuel Cell Performance
It has been shown in equations (2-2) and (2-3) that SOFCs will produce an
electromotive force based on pressure, temperature and the Gibbs energy of the governing
reaction. However, this reversible potential is practically unattainable under standard
operating conditions due to losses in the system, especially under high current loading
situations. These losses are often referred to as polarisation losses, and cause the „actual
potential‟ (E) of the system to deviate from the reversible potential in the following
manner [3]:
(2-7)
Where „

act‟

are activation or catalytic losses, „

diffusional losses, and „

ohm‟

mt‟

are mass transport or

are ohmic losses. These losses are all a function of the

current load, or current density of the SOFC, and will be discussed individually in greater
detail in this section. Equation (2-7) allows for cell potential or cell voltage to be plotted
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as a function of current density. The result is a characteristic „polarisation curve‟ which is
unique for any given cell:

Figure 2.2 - Sample Performance Curve

It is important to note that while every polarisation losses identified in equation
(2-7) contribute to the overall deviation from the reversible potential over the entire range
of current densities, they tend to dominate in specific current density regimes as identified
in Figure 2.2.
This performance curve can be used to develop a „power density curve‟ through a
simple relationship between current, voltage and power:
11

(2-8)
A power density curve allows for quick identification of the maximum achievable
power density from a cell, and the current density at which this occurs:

Figure 2.3 - Sample Power Density Curve

The following three sections will examine in detail the nature of the three different
types of losses that are found in all fuel cells: activation losses, ohmic losses and mass
transport losses.

2.4.1 Activation (Catalytic) Losses
The redox half reactions that produce the electromotive force required to produce
power in SOFCs (equations (2-4) and (2-5)) have an activation energy barrier that they
must overcome to occur. In order to overcome this activation barrier, energy is required,
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and this energy comes in the form of activation polarisation losses in cell performance.
This loss is defined using the Butler-Volmer equation:

(2-9)

where „i0‟ is the exchange current density and „ „ is the charge transfer coefficient. (The detailed derivation of this equation is found in Appendix I). This equation
simplifies into a piecewise function separated into a high activation polarisation (

act)

and

a low activation polarisation regime:

(2-10)

(2-11)

The result of this is a proportional relationship between current density and
activation polarisation at low polarisations and a linear logarithmic relationship once the
overpotential condition for equation (2-11) is met. Activation polarisation plotted as a
function of the logarithm of current density produces a „Tafel Plot‟, which commonly
illustrates the catalytic performance in electrochemical reactions:
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Figure 2.4 - Variation of Activation Polarisation with Current Density

The nature of activation polarisation increasing linearly with logarithmic current
density causes these losses to be dominate at low current densities.
As there are two half reactions that independently contribute to activation (or
catalytic) losses in SOFCs, it is common to separate these losses into two components;
losses associated with the oxygen reduction at the cathode-electrolyte interface and the
losses associated with the oxidation of hydrogen at the anode-electrolyte interface. These
losses are fundamentally dependant on two factors: the temperature of the reaction, and
the catalytic activity of the cathode and anode materials for their respective reactions.
This dependency becomes apparent when examining the exchange current density (i0)
found in the Butler-Volmer equation (equation (2-9)):

(2-12)
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where „A‟ is related to the equilibrium rate constant and the reactant concentration
(see derivation in Appendix I), and „Ea‟ is the activation energy of the reaction. This
equation shows that exchange current can be increased by either decreasing the activation
energy of the catalyst or by increasing the temperature of the reaction. Referring back to
the Butler-Volmer approximations given by equations (2-10) and (2-11), it can be seen
that an increase in exchange current density will decrease activation polarisation losses.
Therefore, it follows that to decrease activation (catalytic) losses it is necessary to either
increase the operational temperature of the SOFC or find a material which exhibits a
lower activation energy barrier for catylisation of the appropriate half reaction.
This reasoning provides that exchange current density is a performance indicator
of catalytic performance in electrochemical reactions. There is another performance
indicator which is often used for the same purpose in literature, known as „charge transfer
resistance‟ (RCT). This value is often determined at low polarisations and can be easily
compared to exchange current density through the following relationship given by [7]:

(2-13)

Which can be back-substituted into equation (2-10) to provide the activation
polarisation „resistance‟ at low overpotentials:
(2-14)
Charge transfer resistance is often determined using a technique known as AC
Impedance Spectroscopy (sometimes referred to as Electrochemical Impedance
Spectroscopy), whereas exchange current density in fuel cell systems is often measured
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using the Current Interrupt Method (CIM). An in depth comparison of these two
techniques will be discussed in more detail in Section 2.11.

2.4.2 Ohmic Losses
Ohmic losses arise due to resistance of a material to the flow of charge. Ohmic
losses are apparent in any material conducting charge (except for the rare case of superconductors). The conducted charge can be either electronic or ionic, and the losses
incurred by this charge flow are proportional to the current flowing through the material:

(2-15)

where the proportionality constant ( ) is known as the conductivity of the
material. The conductivity of the material is dependent on the mobility of the charge
carriers ( ) in the material:
(2-16)
where „z‟ is the valence of the charge carrier, „[n]‟ is the concentration of charge
carriers per unit volume and „e‟ is the elementary charge. This relation holds for any type
of conduction mechanism, however, most ceramic materials that make up the functional
components of a SOFC rely on the diffusion of an electronic/ionic species through a
material. In this case, mobility of ionic species can further be broken down using the
Einstein relation:

(2-17)
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where „D‟ is the diffusion coefficient of the charge carrier through the material.
Materials in which mobility of the charge carrier depends on the diffusional ability (or
diffusion co-efficient) of conducting species are unlike metals in that their conductivity
increases with an increase in temperature. As temperatures increases, chemical kinetics
are accelerated, increasing the diffusion co-efficient in an Arrhenius type relation:

(2-18)

where „D0‟ is a temperature independent pre-exponential constant. The different
diffusion mechanisms in the separate SOFC components will be discussed in greater
detail in later sections.

2.4.3 Mass Transport (Diffusion) Losses
Mass transport or diffusional losses arise when the rate of the half-reactions
occurring at either the anode-electrolyte or cathode-electrolyte interface is so rapid that
the gaseous species involved in these reactions cannot be replenished (or removed) at the
rate that they are consumed (or produced). This problem leads to either a reduction of
pressure of reactants or an increase in production of reaction products at electrolyteelectrode interfaces, causing reductions in electromotive force as seen by the Nernst
Equation (2-3). These losses are distinguished on a SOFC performance curve (Figure
2.2) by a sharp decrease in output voltage at high current densities, ultimately imposing a
practical limit on the current density of the cell. Examining these losses in more detail, it
is important to look at a specific case of Fick‟s first law of diffusion, modified for current
flow:
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(2-19)

where „D‟ is the diffusion co-efficient of the reacting species through the porous
anode or cathode, „[nsurf]‟ and „[nbulk]‟ are the concentration of these species at the surface
of the electrolyte and in the gas stream (or bulk), respectively, and „ ‟ is the thickness of
the diffusing layer. From this equation, it can be seen that the maximum current the
system can provide is when [nsurf] is zero, providing what is known as the „limiting
current‟ (iL).
A derivation in Appendix II produces an equation that can predict the
concentration polarisation based on this limiting current:

(2-20)

This is the standard way in which mass transport losses are described and
compared in SOFC systems. This analysis of mass transport losses is often sufficient to
describe most SOFC systems, however it is limited to steady-state analysis due to the fact
that the time domain is not considered. A more detailed time domain analysis will be
developed and discussed in this study to allow for a more universal analysis of mass
transport losses.

2.5 Types of SOFCs
Solid oxide fuel cells typically operate within three different temperature regimes,
depending on the nature of their material system. These regimes are referred to as: high
temperature, intermediate temperature and low temperature.
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2.5.1 High-Temperature (HT-SOFCs)
HT-SOFCs are perhaps the most widely studied SOFCs to date [8]. They operate
between 800oC and 1000oC and are based on yttrium stabilized zirconia (YSZ)
electrolytes. HT-SOFCs have consistently shown superior performance to other forms of
SOFCs [3], however, their life-expectancies are poor due to their high operational
temperatures. At these temperatures, YSZ electrolytes and typical cathode systems
(Lanthanum Strontium Manganite perovskite) slowly react to form an undesirable phase
at the cathode/electrolyte interface that drastically reduces the performance of the system
[8]. Also, thermal stresses induced during the thermal cycling encountered during startup and shut-down procedures compromise the structural integrity of the system.

2.5.2 Intermediate-Temperature (IT-SOFCs)
IT-SOFCs are similar to HT-SOFCs in operating principle, with these two SOFC
types often being referred to as „traditional‟ SOFCs in this study. In comparison to HTSOFCs, IT-SOFCs operate at significantly lower operational temperatures between 600oC
and 750oC. At these temperatures, YSZ electrolytes used in HT-SOFCs do not have
sufficient conductivity, so IT-SOFCs are based on a gadolinium doped ceria (GDC)
electrolyte system. At these temperatures, cathode catalytic losses have been found to be
a large limiting factor in the performance of IT-SOFCs. A large body of research in ITSOFCs has focused on developing new cathode systems to reduce these losses [8].

2.5.3 Low-Temperature (LT-SOFCs)
Until recently, SOFCs were limited to the IT-SOFC operating temperature range
due to a lack of electrolyte systems that could exhibit the required conductivities needed
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to provide acceptable power outputs. It was found that combining the traditional ITSOFC electrolyte (GDC) with a protonic conducting phase (various carbonates) can
produce a large increase in the ionic conductivity of the electrolyte [9]. Performance
results have been published for LT-SOFCs that indicate that power levels comparable to
IT-SOFCs can be attained at temperatures between 400oC and 600oC with the potential
for even lower operational temperatures (see Table 2.1 in Section 2.9.3).
LT-SOFCs will be the focus of this study, and will be examined in greater detail
in later sections.

2.6 Material Selection/Fabrication Problems Limiting SOFC
Performance
There are a few „problems‟ that need to be considered when selecting and
manufacturing the functional components of the SOFC to ensure that the life-expectancy
and performance of the cell is optimised. These problems surface as common themes
when optimising performance and life-expectancy of SOFCs, and for this reason it is
important to examine them in some detail. It should be noted that the problems outlined
in this section are not related to electrochemical properties of the materials.

2.6.1 Interlayer Reactivity
At elevated sintering temperatures (the process of sintering is described in further
detail in Section 2.10), fast chemical kinetics can lead to the formation of a performance
reducing interlayer between cell components. This problem is material dependant, and is
often only a concern in YSZ electrolytes (HT-SOFCs), however material compatability
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between mated components at operational temperatures should be a consideration in
SOFC design.
Two traditional solutions to this problem (should it exist) have been adopted to
negate the formation of an interlayer; the lowering of the sintering temperature and the
deposition of an intermediate material between incompatible species that does not effect
the performance of the cell [10,11].

2.6.2 Porosity
The reaction mechanisms in a SOFC which were outlined in section 2.3 require
that the anode and cathode of SOFCs maintain a significant level of porosity. The
oxidant and fuel supplied to the system must be able to easily diffuse through a porous
cathode and anode to their reaction sites at the cathode-electrolyte and anode-electrolyte
interfaces. Therefore, the porosity levels of the electrodes must be sufficient to allow for
ample gas permeation to occur. However, this must be balanced by a reduction of
conductivity of the material which occurs as porosity is increased. A typical target for
porosity levels in an anode or cathode between 30 and 50% is generally accepted as
optimal, yet higher levels of porosity (up to 60%) can often provide significant increases
in cell performance [12].
While porosity targets can be useful, pore size and distribution are microstructural
factors that are also important to control. It has been shown that small pore sizes can
drastically decrease gas diffusion, leading to increased mass transport (diffusion) losses
[13].

21

In contrast to the anode and cathode, the electrolyte must have a very low level of
porosity to maintain a diffusion barrier for both the oxidant and the fuel. If these gases
combine and react, it produces a parasitic loss, supplying no electric current from these
reacting gases, with heat being the only bi-product of the reaction. Another benefit of
low porosity in the electrolyte is that conductivity of the electrolyte increases as porosity
decreases. These two considerations provide for a typical porosity requirement of less
than 5% for electrolytes.

2.6.3 Mixed Potential and Short Circuiting Electrolyte
Manufacturing methods of electrolytes can lead to micro and macroscopic defects
which can compromise the ability of the electrolyte to maintain a gas barrier between the
anode and the cathode gas streams. These defects usually come in the form of
interconnected porosity (Section 2.6.2), macro/micro-cracks and pitting (pitting is usually
only a concern in thin film electrolytes). All of these defects lead to unwanted gas
diffusion through the electrolyte, causing the fuel and oxidant to react, creating a reduced
potential reaction pathway and reducing performance. (This reduction in performance is
in the form of a decrease in reversible voltage)
With a drive to reduce the resistance losses from electrolyte layers, typical ITSOFC systems demand electrolyte layers less than 40 m [14] which increases the
susceptibility of the electrolyte to these defects. For this reason, expensive
deposition/densification techniques are required to produce a defect free thin film
electrolyte. And even with a fully dense, defect free thin film electrolyte, oxygen (in
gaseous form) can diffuse through the electrolyte, contributing to a „mixed-potential‟.

22

As manufacturing thin film electrolytes can often provide a technical challenge, it
is common to find preliminary studies on new SOFC material systems to be performed on
systems with thick (~1-2 mm) electrolytes in attempt to avoid a mixed-potential situation
obscuring fundamental results [15,16].
Another material characteristic of the electrolyte that can harm performance is
electronic conductivity. Ideally, conductivity through the electrolyte should be purely
ionic (electronic insulator). However, all electrolyte materials show some degree of
electronic conductivity which acts as a short circuit in the system, leading to losses in
potential.
The presence of these electrolyte flaws makes it impossible to attain the reversible
potential, even at open circuit conditions. This concept was omitted from Equation (2-7)
for simplicity of explanation, but its effects can be seen clearly in Figure 2.2.

2.6.4 Thermal Expansion Mismatch
A SOFC consists of multiple layers of different materials. When a system of this
nature is heated, each layer will expand individually according to its thermal expansion
characterstics. If the thermal expansion properties of these materials are different,
stresses will build up at the interfaces of mated materials during thermal cycling. If these
stresses reach a critical point, they will be relaxed through either cracking or delamination
of layers, compromising the integrity of the system. For this reason, it is imperative that
all cell components have thermal expansion coefficients (TECs) that are as closely
matched as possible. Literature is often unclear about the degree to which TEC between
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layers should be matched, however, upper limits as high as 10% have been quoted as
reasonable [14,17].
Another method to reduce the stress build-up between interfacing layers is to
reduce the magnitude of thermal expansion by decreasing the operational temperature of
the cell. In effect, this reduces the magnitude of mismatch experienced by mated
components due to a reduction in the applied thermal gradient. This is yet another benefit
of reduction of SOFC operational temperatures.
Thermal expansion of a material can be altered by doping elements into the sublattice or by creating a composite material (typically an electrode/electrolyte composite).
Both of these solutions alter the behaviour of the initial material, the specifics of which
will be discussed in later sections.

2.7 Cell Components (IT-SOFC)
The focus of this thesis is on LT-SOFCs, however, LT-SOFC systems borrow
many components from the much simpler IT-SOFC system. For this reason, the ITSOFC system will be reviewed in detail prior to discussing LT-SOFCs in detail in order
to develop a fundamental understanding before examining the more complicated system.

2.7.1 Electrolyte
The material used as the electrolyte in a SOFC categorises the fuel cell. Two
types of electrolytes are most commonly used in traditional systems (not including LTSOFCs); yttrium stabilised zirconia (YSZ) for HT-SOFCs, and doped ceria for ITSOFCs. Figure 2.5 shows how the conductivity of typical SOFC electrolytes compare:

24

Figure 2.5 - Comparison of SOFC electrolyte conductivities (with suggested thickness requirements)
[18]

LT-SOFCs use a composite system, with the bulk of the composite being doped
ceria. As this thesis focuses on LT-SOFCs, only electrolytes containing doped ceria will
be discussed here; first monolithic doped ceria (IT-SOFC electrolytes), followed by a
more complex analysis of composite doped ceria in later sections.
Doped ceria in SOFCs has a fluorite structure with the base formula CexR1-xO2where R is a rare earth element that can maintain a stable valence of +3 (typically
samarium or gadolinium). Of the two, gadolinium is the most common rare earth dopant,
as ionic conductivity values have been shown to be nearly three times higher than the
equivalent quantities of samarium doping [19]. This increase in conductivity is attributed
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to gadolinium displaying a lower association enthalpy than samarium to oxygen
vacancies [20]. The benefits of this will be discussed further in Section 2.7.1.1.
The maximum ionic conductivity exhibited by CexGd1-xO2- occurs between 10-20
mol% gadolinium doping with values ranging between 0.03 and 0.055 S cm-1 at 700oC
[19,21].
2.7.1.1 Electrolyte Conduction Mechanisms
Ionic conductivity in CexGd1-xO2- (CGO or GDC) occurs by the diffusion of
oxygen „vacancies‟ through the lattice. It is common to refer to a flux of oxygen
vacancies as a flow of oxygen ions in the opposite direction for simplicity. By examining
our earlier discussion of conductivity in Section 2.4.2, it can be seen that an increase in
the concentration of these vacancies (charge carrying species) will lead to an overall
increase in ionic conductivity. A combination of Equations (2-16), (2-17) and (2-18)
show this:

(2-21)

The most common method of increasing the vacancy concentration (

) within

CGO is to substitutionally dope gadolinium on the cerium sub-lattice. The difference in valance
between cerium (4+) and gadolinium (3+) produces a charge imbalance in the lattice which is
compensated by the formation of an oxygen vacancy, thus satisfying the electro-neutrality
condition:

(2-22)
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However, there is a limit to which these oxygen vacancies can be increased. The
ceria sublattice has a solubility limit for gadolinium, above which point, sufficient stress
is exerted upon the ceria lattice to cause gadolinium to precipitate out of the matrix to
form an independent Gd2O3 phase. This solubility limit has been found to be above 30%
[22].
It was previously mentioned that the maximum ionic conductivity in CGO is
exhibited for Gd between 10 and 20%. While one would expect a higher level of
gadolinium to produce higher conductivities due to an increase in vacancy concentration,
an increase in the concentration of gadolinium also increases the enthalpy of migration of
these vacancies. At sufficient doping levels, the positively charged oxygen vacancies
associate with the negatively charged gadolinium defects (

), restricting their ease of

motion [19,23]. This is taken into account in Equation (2-21) where the activation energy

term is broken down into (

), representing the enthalpy of motion and

association enthalpy of the

complexes. Due to this rise in association

enthalpy with an increase in oxygen vacancy concentration, a maximum ionic
conductivity develops below the solubility limit of the lattice as shown by Tianshu et al.
in Figure 2.6.
This shows that ionic conductivity plateaus in the range of 10-20% Gd doping. In
literature, doping levels vary throughout this range, and no clear „optimal‟ composition
has been identified [19-23]. This study chooses to examine 10 mol% Gd on the basis that
lower levels of doping produces a lower level of lattice strain, with hopes to enhance
chemical stability.
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Figure 2.6 - Ionic conductivity of Ce1-xGdxO2- as a function of gadolinium doping levels [21]

2.7.2 Anode
It is widely accepted that nickel oxide is the most proficient anode material for use
in IT-SOFCs as well as HT-SOFCs. Nickel oxide anodes actually reduce to nickel metal
when a fuel cell is operating due to the reducing nature of the hydrogen in the fuel stream.
Nickel has high electronic conductivity and excellent catalytic activity for the oxidation
of hydrogen (low activation (catalytic) losses) [24]. Ni is also a very cost-effective
material and it is commercially available in high purities in the form of nickel oxide
powder.
In order to match the thermal expansion of nickel to that of the electrolyte, as well
as improve its mixed conductivity characteristics, it is common practice to use a nickel
oxide/electrolyte composite as the anode material. Typically it has been found that
anodes containing 40 wt% electrolyte material and 60 wt% nickel oxide match thermal
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expansion and increase catalytic activity while maintaining suitable electronic
conductivity.
Ideally, the anode, cathode and electrolyte would be as thin as possible when
fabricating a fuel cell to reduce ohmic losses. However, it is necessary to have one of
these layers as a „thick‟ layer (~1mm) to provide structural integrity to the system. The
high electronic conductivity of the anode coupled with its low cost makes the anode the
most suitable candidate for this thickened „supporting‟ layer of the fuel cell.

2.7.3 Cathode
It has been well identified that the component of IT-SOFCs that is currently
limiting the performance of the cell is the cathode [8]. The majority of the loss incurred
by the cathode has been identified as the chemical means by which electronic charge in
the cathode is transferred into ionic charge in the electrolyte. In order to better
understand the cathode and its limitations, it is important to understand the problems
associated with this charge transfer.
2.7.3.1 Charge Transfer
The process of charge transfer at the cathode-electrolyte interface is responsible
for the catalytic (activation) losses that are commonly mentioned in this study. These
losses are commonly quantified through the empirical determination of either „charge
transfer resistance‟ (RCT) or „exchange current density‟ (i0). These two values are
obtained using different analysis techniques (that will be described later), but they are
analogous with one another as previously shown in equation (2-13). For the purpose of
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consistency, this literature review will use „charge transfer resistance‟ when referring to
losses due to charge transfer.
When defining charge transfer resistance, it is important to first examine the
nature of the charge transfer reaction that occurs at the cathode-electrolyte interface
(Equation (2-4)). It should be pointed out that for this interfacial reaction to occur, three
conditions must be maintained at the reaction site: oxygen must be available for
reduction, electrons must be supplied, and a path to an oxygen ion sink must be provided.
For simplicity, we will begin by examining the classical example of a cathode-electrolyte
system where the cathode is a pure electronic conductor, and the electrolyte is a pure
ionic conductor. This analysis also assumes the cathode is highly porous and the
electrolyte is fully dense for reasons previously described in Section 2.6.2. In this
„classical‟ case, the aforementioned cathode reaction is restricted to the region where
cathode, electrolyte and pore are present, which is often called the „triple phase boundary‟
(TPB):

Figure 2.7 - Oxygen reduction constrained to the triple phase boundary
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This triple phase boundary is restrictive in nature, leading to a limited number of
reaction sites where oxygen reduction can take place, resulting in an increase in charge
transfer resistance. The following equation [25] shows the dependence of charge transfer
resistance on the length of the triple phase boundary layer (TPBL) based on the model
depicted in Figure 2.7:

(2-23)

This equation3 shows that charge transfer resistance (RCT) is dependent on the
surface exchange coefficient of oxygen ( ), the molar volume of the perovskite (Vm) and
the current collection length of the electrolyte (lc). This equation makes it apparent that
the simplest methods of reducing the charge transfer resistance are by increasing the triple
phase boundary length or by finding a cathode with superior catalytic performance
(higher surface exchange coefficient).
In an effort to transcend the triple phase boundary constraint, much research has
focused on cathodes that exhibit both electronic and ionic conductivity. The idea is that if
the cathode can conduct oxygen ions through its bulk, than the whole cathode can act as a
sink for oxygen ions, and the active area for oxygen reduction would no longer be
restricted to the triple phase boundary layer. This „extending‟ of the triple phase
boundary layer into a second dimension has been shown to drastically reduce the
resistance to charge transfer [15]:

3

While this equation is intended for a LSM cathode system based on surface diffusion of the active O nspecies, the main principles still hold true for the sake of this discussion.
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Figure 2.8 - Surface and bulk diffusion paths in mixed ionic/electronic conducting cathode TPB
model

Examining this model, there are two proposed chemical pathways that have been
widely discussed in literature. The first chemical pathway involves adsorption of oxygen
on the surface of the cathode, followed by conduction of its ionic species through the bulk
of the cathode towards the electrolyte. The second chemical pathway involves similar
oxygen adsorption, but with diffusion of the ionic oxygen species along the surface of the
cathode to the previously defined triple phase boundary, at which point it becomes
incorporated into the electrolyte. While it is widely accepted that both pathways are
possible, most data supports the bulk path as the preferential transport mechanism when
the condition of high ionic conductivity is met [8].
In these mixed conducting (ionic and electronic) cathodes, it is important to
identify the rate limiting process of charge transfer in order to understand which material
properties should be improved in order to reduce these charge transfer losses. In pure
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electronic conducting cathodes, the limiting process is simply the interfacial
electrochemical kinetics at the triple phase boundary layer. However, in mixed
conducting cathodes, there is the question of whether the limiting process is the
electrochemical kinetics involved in the oxygen reduction that occurs on the surface of
the cathode, or the transport of the ionic oxygen species along the surface or through the
bulk of the material. Early evidence suggested that electrochemical kinetics at the
interface was the rate-limiting step in the charge transfer process, as current-voltage
characteristics of the cell exhibit a strong Tafel relationship, characteristic of
electrochemical limited reactions. However, it has also been shown by Svensonn et al.
[26-28] that Tafel type current-voltage behaviour can be exhibited by a cathode in which
interfacial reactions are equilibrated. At operational temperatures, it is shown (with a few
exceptions) that there is no resistive effect identified at the electrolyte-cathode boundary
suggesting that interfacial chemical kinetics are equilibrated, and thus not rate limiting.
While this observation is still debated, the dominating theory is that the bulk transport of
oxygen ions to the electrolyte interface is the major source of charge transfer resistance in
mixed conducting cathodes. This conclusion is supported by observable increases in
cathode performance with increasing ionic conductivity.
An alternative method investigated to expand the triple phase boundary layer
involves the addition of electrolyte material to the functional cathode material to create a
composite cathode. This allows the electrolyte to deviate from the flat plane shown in
Figure 2.7 and Figure 2.8, creating a complex three dimensional interface, allowing for
the triple phase boundary condition to be satisfied at distances away from the cathodeelectrolyte interface:
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Figure 2.9 - Composite cathode triple phase boundary model

In this model, microstructural control of the composite cathode is critical. In order
for a phase interface to act as an active site for oxygen reduction, there must be a pathway
from this site to the bulk electrolyte through which the oxygen ions can diffuse.
Therefore, there must be sufficient electrolyte present in the composite cathode to provide
interconnected electrolyte channels within the cathode. However, increasing electrolyte
concentration in the composite cathode above this interconnectivity condition will
produce two counter-balancing effects: an increase in the availability of ionic pathways
to the electrolyte and a decrease in the electronic conductivity of the cathode as a whole.
These two effects must be considered carefully when determining the optimal
concentration of electrolyte in the composite cathode as their results have opposing
effects on the performance of the cathode.
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The cathode composition at which further addition of electrolyte no longer has a
beneficial effect is known as the percolation limit, and occurs typically between 30 and
50 vol% of electrolyte, depending on the porosity of the cathode [29,30].
The best indicator for the predicted performance of a composite cathode is known
as the ambipolar conduction value of the material. This value characterises the
simultaneous transport ability of the ionic and electronic species of a material, the value
of which has been directly linked to the charge transfer resistance of composite cathodes
in SOFCs [29].

(2-24)

where „ e‟ is the electronic conductivity, ‘ i‟ is the ionic conductivity and „

amb’

is the ambipolar conductivity of the cathode.
In porous composite cathodes, the ionic and electronic conductivities must take
into account the non-conducting porous phase by using the conductivity equation for
multiple phases [29].

(2-25)

where „

m‟

is the effective conductivity of the material (ionic or electronic) „ 1‟,

„ 2‟ and „p1‟ and „p2‟ are the conductivities and volume fractions of the pure electrolyte
and cathode phases, and „ 3‟ and „p3‟ are the conductivity and volume fraction of the
pores ( 3=0).
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Using equation (2-25), the effective ionic conductivity and effective electronic
conductivity of the material can be found by substituting in experimental values for
and

2,

1

as well as microstructural parameters p1, p2 and p3. These values can then be back

substituted into equation (2-24) to determine the ambipolar conductivity of the cathode in
question. These equations can also be used to predict the ambipolar conductivity of a
cathode for given conductivities and variable compositions. The figure here is given by
Dusastre et al. [30] using experimentally determined values for a common LSCF cathode
and CGO (GDC) electrolyte:

Figure 2.10 - Ambipolar resistance as a function of volume fraction of electrolyte [30]

As mentioned earlier, ambipolar conductivity (or alternately, resistance) is an
indicator of cathode performance. Dusastre et al. [30] empirically determined charge
transfer resistance (in this figure, it is denoted as ASR) to exhibit a similar relationship
between performance and composition:
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Figure 2.11 – Area Specific Resistance to charge transfer (ASR) of the LSCF / CGO composite
cathode system [30]

This data shows a reduction in charge transfer resistance by a factor of four upon
the identification of the optimal electrolyte concentration, displaying the potential of
composite cathode systems.

2.8 Cathode Perovskite - Structure
When SOFCs were first researched extensively prior to 1965, the sole cathode
material that attracted interest from researchers was platinum [8]. However, platinum
was not only expensive, but it is also limited by insufficient bulk diffusion and surface
adsorption of oxygen, which leads to high charge transfer resistances. A search for a less
expensive, better performing material system led to the discovery of the perovskite
material system. These systems display lower charge transfer resistances and lower
activation energies for the reduction of oxygen [8].
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Perovskite systems are of the form ABO3 shown in Figure 2.12, where the A site
consists of rare earth or group II elements (most commonly Sr, La, Gd), and the B site is a
smaller transition metal (Co, Mn, Fe).

Figure 2.12 - Perovskite unit cell structure

Due to their stable crystal structure, perovskites are stable in both oxidising and
reducing atmospheres, making them suitable in most operating environments.

2.8.1 Cathode Perovskite - Electronic Conduction
Perovskite materials exhibit high electronic conductivity dominated by either
small polaron hopping or metallic band gap mechanisms. The electronic transference
number (percent of conduction that is electronic as opposed to ionic) of these systems is
near unity. However, due to the highly stable crystal structure of perovskites, these
systems can support a large concentration of oxygen vacancies and thus can exhibit high
ionic conductivities with respect to other cathode material candidates.
The first conduction mechanism, small polaron hopping, occurs when electrons or
electron holes get trapped within a portion of the crystal lattice. This creates a local
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charge balanced by the ionisation of the nearest atom. The atomic radius of this atom
increases, creating a small distortion in the lattice. These distortions are called small
polarons, and occur when it is more energy favorable to ionize an atom and distort the
crystal lattice than to create a delocalized covalent bonding electron.
To examine the condition under which the creation of a small polaron will occur,
it is necessary to examine the energy of an electron in different bonding states. When an
electron enters a covalent bond, the energy of the electron reduces by W/2 where W is the
width of the band gap. In the creation of a polaron, the energy of the electron is reduced
by Ei, which is directly dependant on the energy required for ionization. Thus, a
polaron will be created when Ei > W/2, representing the energy of the favourable
electron state.
These small polarons vibrate at a specific magnitude depending on the thermal
energy of the system as shown in Figure 2.13 that depicts the vibration limits of polarons
for neighbouring metal atoms. (shown by the two curves)

Figure 2.13 - Polaron vibration limits as a function of thermal energy of the system
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When the energy of the system is below the activation energy for polaron
conduction (AE), the lattice distortion (small polaron) will vibrate with an amplitude of
VAE1. This results in the polaron distortion being restricted to one atom or lattice site
(left curve). If the energy of the system is increased greater than AE, the lattice distortion
will vibrate with a large enough amplitude (VAE2) to diffuse between neighbouring lattice
positions (left and right curves), allowing for the free movement of polarons when in the
presence of an electromagnetic force.
This model depicts the motion of just one polaron, however, when a population is
considered, activation energy for conduction must be achieved through a more statistical
Arrhenius relationship:

(2-26)

When the thermal energy of the system is increased, a greater number of polarons
will be free of their lattice constraints, allowing for a higher conductivity of the material.
This is characteristic behaviour of semi-conducting materials.
The second conduction mechanism, metallic conduction, occurs when the
electronic band gaps of neighbouring atoms overlap, forming a delocalized electron
cloud. In the case of a perovskite cathode, this conduction occurs through the
overlapping of the cobalt 3d band (B-site‟s outer band) and the oxygen 2p band [31].
Either of these two conduction mechanisms can be apparent in a perovskite structure,
depending greatly on the properties of the A and B site atoms and their dopants.
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For the case of the well studied IT-SOFC cathode system La1-xSrxCoO3- , it has
been shown that semi-conducting occurs for x < 0.25, above which metallic behaviour is
observed [31]. This occurs as an increase in Sr doping decreases the band gap between
cobalt 3d and oxygen 2p by distorting Co-O bonds (decreasing bond length and
increasing bond angle), and adding electron hole acceptor states. At approximately x =
0.25, this band gap disappears altogether, and metallic conduction is observed. It is
important to note that at higher temperatures, systems with x < 0.25 can transition from
semi-conducting to metallic conduction mechanisms.

2.8.2 Cathode Perovskite - Ionic Conduction
The benefits of a cathode that exhibits mixed conducting (ionic and electronic)
properties were discussed in section 2.7.3.1, outlining the performance enhancement that
accompanies increased oxygen ion diffusion through the bulk cathode material. While
ionic conductivity varies depending on the perovskite material system in question,
specific doped perovskites can display ionic conductivities on the order of 10-4 S/cm (in
air at 700oC) [32]. While this value is low compared to the electronic conductivity of
typical perovskites (~103 S/cm) [33], ionic conductivity values of perovskites have been
shown to drastically effect the oxygen reduction and charge transfer processes at the
cathode-electrolyte interface.
Ionic conduction in perovskites is possible as its crystal structure is able to
accommodate a high concentration of oxygen vacancies, even when the material is doped
at high levels. Ionic conduction is directly dependant on the concentration of oxygen
vacancies as shown in equation (2-21) (assuming that no ion interaction occurs). The
formation of oxygen vacancies is governed by the level of strontium doping:
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(2-27)

The theory of ionic conduction in the cathode is analogous to that of the
electrolyte. However, the cathode can support much larger vacancy concentrations
without the precipitation of

complexes, allowing for a near linear increase in ionic

conductivity with Sr concentration.

2.8.3 Cathode Material Systems
There are three major perovskite cathode material systems that are considered for
use in IT-SOFC cathode systems; Manganites, Ferrites and Cobaltites. These systems are
named for the element occupying the majority of the B-sites within the perovskite. Each
of these material systems have benefits as well as drawbacks, all of which will be
discussed in the following sections.
2.8.3.1 Manganites
Manganite perovskites take the form A1-xA‟xMnO3- where La is the most common
A-site element, and Sr is the most common dopant on the A-site (A‟). La1-xSrxMnO3(LSM) has been the most extensively studied perovskite in literature, mostly due to its
high electrical conductivity (~102 S/cm at 700oC) [34], and good thermal expansion
match with both ceria and YSZ electrolytes [35]. At HT-SOFC operational temperatures
(800oC - 1000oC), LSM exhibits exceptionally low charge transfer losses as low as 0.01
cm2 [36]. However, as the temperature is decreased to the operational temperatures for
IT-SOFCs (700oC), these losses increase to ~102 [37,38], making them a poor selection
for practical use.
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The performance of manganites is thought to be limited by their relatively low
ionic conductivities (~10-7 to 10-8 S/cm at 700oC [39] ). Of the three cathode systems
examined here, manganites exhibit the lowest ionic conductivity. This low ionic
conductivity limits the oxygen reduction reaction to sites very near the triple phase
boundary, not allowing for significant oxygen ion transport through the bulk material.
2.8.3.2 Cobaltites
Cobaltite perovskites take the form A1-xA‟xCoO3- where Gd (GSC), Sm (SSC)
and La (LSC) are the most common A-site elements, and strontium is the most common
A-site dopant (A‟). Cobaltites have gained more research interest as the focus on lower
SOFC operating temperatures has grown. Cobaltites exhibit low activation energies for
charge transfer of oxygen (~100kJ/mol) [40] compared to similar manganites (~200
kJ/mol) [41] , and thus their performance is less effected as the temperature is decreased.
The main advantage of cobaltites is their high ionic conductivity. As it was
previously discussed, the main limiting factor in the reduction of oxygen at the cathodeelectrolyte interface is oxygen ion diffusion through the bulk cathode material. By
increasing cathode ionic conductivity, charge transfer (or catalytic) losses can be
substantially lowered. The ionic conductivity of cobaltites is typically ~10-4 S/cm [32,42]
at 700oC compared to ~10-7 S/cm of typical manganites.
While cobaltites do exhibit better elecro-chemical characteristics than manganites,
there are a few major drawbacks to cobaltite systems. LSM (manganite), with
appropriate levels of Sr doping provides a thermal expansion coefficient of 12 x 10-6 K1

[33] , a near perfect match to both YSZ and GDC (10.5 [43] and 12.5 x 10-6 K-1 [17]).

43

The thermal expansion coefficient of cobaltites is in the range of 20 x 10-6 K-1 [44]. This
thermal expansion is unacceptably high, and has been a large cause for concern of the
long-term reliability of this material group.
The ionic and electronic conductivity of cobaltites are greatly dependent on levels
of Sr doping on the A-site due to both an increase in oxygen vacancy concentration and a
decrease in band-gap width, promoting polaron formation (sections 2.8.1 and 2.8.2).
Unfortunately, the mechanical integrity for Sr concentrations above 30 mol% is poor [40],
providing x = 0.30 as the most promising Sr doping level.
Although limited research has been performed on the longevity of cobaltites under
operating conditions, it is commonly thought that if Gd is the main element on the A-site,
it will provide better chemical stability when matched with a GDC (Gadolinium-Doped
Ceria) electrolyte [40]. It is assumed that the common rare earth dopant will limit interlayer reactivity, and reduce any of its damaging effects.
2.8.3.3 Ferrites
Ferrite perovskites are typically a sub-category of cobaltites. It has been found that
the addition of iron on the B-site can reduce the thermal expansion coefficient of its
parent cobaltite material. The major drawback of this thermal expansion matching
process is a loss in catalytic properties of the cathode [40].
2.8.3.4 The Gd1-xSrxCoO3- System
Gadolinium strontium cobaltite (GSC or GSCO) cathode systems on GDC (ITSOFC electrolyte) have only recently gained attention from researchers. Although GSCO
has been researched to some degree in conjunction with YSZ (HT-SOFC electrolyte) [4544

47], it has been often dismissed due to the formation of Gd2Zr2O7 (a performance
reducing phase) with YSZ under normal operating conditions.
Similar to studies on La1-xSrxCoO3- [31], it has been reported that a phase change
occurs in the Gd1-xSrxCoO3- system at 0.3 < x < 0.4 from orthorhombic to cubic [46]. At
this transition, it has also been observed that the electronic conduction mechanism in the
material changes from semi-conducting to semi-metallic [40], as is apparent in most
cobaltite systems as discussed earlier in section 2.8.1. In the same study, it was also
found that levels of Sr doping above 0.3 mol % led to mechanical instability in the
sintered product. The study also provided that the thermal expansion of Gd1-xSrxCoO3with these Sr levels have a thermal expansion coefficient that transitions at approximately
500oC. Although not stated in either of these studies, it seems that there is a phase
transition at this temperature that leads to the mechanical instability of the system.
Considering this, and using thermal expansion and conductivity as optimisation
parameters, it has been identified by Dyck [16] that the optimal base concentration of the
Gd1-xSrxCoO3- system is Gd0.8Sr0.2CoO3- , just below this transition region of x = 0.3.
In the same study, composite cathodes of the form (1-z)Gd0.8Sr0.2CoO3- /
zCe0.8Gd0.2O2- were studied using similar optimisation parameters. It was found that this
system for z = 0.25 (wt%) had a near identical thermal expansion match to the
Ce0.8Gd0.2O2- electrolyte (Figure 2.14), while maintaining electrical conductivity values
of 100 S/cm. It was thus supported that this composite cathode system yielded the most
promising characteristics for use in IT-SOFCs.
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Figure 2.14 - Percent elongation as a function of operating temperature for the (1-z)Gd0.8Sr0.2CoO3- /
zCe0.8Gd0.2O2- system [40]

The ionic conductivity of GSCO is high for cobaltites, and has been reported
between 2 and 6 x 10-4 S/cm (in air at 700oC) [32,42].
The catalytic properties of GSCO are also very promising. It has been shown that
this material system can attain charge transfer resistances of 0.24 and 0.10

cm2 at 700oC

in air (for the monolithic and 25wt% electrolyte composite respectively) when the surface
area of the sintered product is on the order or 2.8 m2/g which is amongst the lowest
charge transfer resistances for IT-SOFCs [15].
In brief, the GSCO system performs exceptionally well for IT-SOFCs in all
required areas of electronic and ionic conductivity, catalytic properties and thermal
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expansion concerns, especially when considering the composite cathode system with
25wt% electrolyte.

2.9

Low Temperature Solid Oxide Fuel Cells
Low Temperature Solid Oxide Fuel Cells (LT-SOFCs) are very similar in their

basic operating principals, and composition to IT-SOFCs. Most materials systems
considered in LT-SOFCs are composite systems, with the majority of the composite being
made up of traditional IT-SOFC materials. Now that this review has given a
comprehensive understanding of the materials systems and mechanisms operating in ITSOFCs, the added layer of complexity regarding LT-SOFC systems can be investigated.
The major difference between LT-SOFCs and IT-SOFCs is the composition of the
electrolyte. While IT-SOFCs have electrolytes based on doped-ceria, the electrolytes of
LT-SOFCs are a ceria – carbonate4 composite. The electrolyte system for LT-SOFCs is a
composite based on either samarium doped cerium (SDC), calcium doped cerium (CCD)
or gadolinium doped ceria (GDC) with a 20-30 wt% carbonate addition [4,48]. As
research in this area is relatively new, multiple carbonate systems have been examined
(most commonly Li, Na and K [48]; less commonly Ca, Sr and Ba [4]), typically in a
binary carbonate mixture in order to tailor the melting temperature of the carbonate phase
to assist fabrication. LT-SOFCs based on these systems can produce power densities in
the low temperature regime (400oC-600oC) exceeding anything that has ever been
reported for SOFCs. The following sections will investigate and outline the current
theories and work being done on LT-SOFCs, with a focus on how these new electrolyte
systems assist in improving performance at lowered operational temperatures.
4

Carbonates take the form Ax(CO3) where A is either an alkali metal (x=2) or an alkaline earth metal (x=1)
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2.9.1 LT-SOFC Electrolytes : Role of the Carbonates
The ceria-carbonate electrolytes for LT-SOFCs are different from its predecessors
in that it exhibits mixed conduction mechanisms; protonic and oxygen ion conduction [4].
This electrolyte system has been found to have conductivity values that are an
order of magnitude higher than its predecessors5 (Figure 2.15), too high to be explained
by mixed conduction alone. It should be noted that this study gives values of conductivity
for GDC that are on the low end of literature values, Figure 2.5 provides conductivity
values that are more often cited in literature.

Figure 2.15 - Conductivity of common electrolytes (yttria stabilized zirconia, gadolinium doped ceria,
solid carbonate-ceria composite) [4]

Traditional theory would suggest that oxygen ion conductivity is exclusively
limited to the GDC phase through the diffusion of oxygen defects, and protonic
5

This study gives values of conductivity for GDC that are on the low end of performance in literature,
Figure 2.5 provides values from the high end of performance in literature.
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conduction is limited to the carbonate phase, a known protonic conductor. However, it is
currently thought [4,5,9] that the phase boundary provides an accelerated conduction
pathway for protonic conduction, and even perhaps oxygen ionic conduction. Two
separate conduction processes have been suggested. The first is a protonic conduction
mechanism akin to that observed in protonic conducting sulfates (eg. Li2SO4). At
grain/phase boundaries, many sulfate groups (SO4) are only constrained by a bond at one
tetrahedral location (Figure 2.16) allowing for free rotation of the group. The unbonded
tetrahedral sites can form temporal associative bonds with protons, which when rotated,
provide a „paddlewheel‟ conduction mechanism for the protons [4,9]. The second
suggested phase boundary conduction pathway involves coupled conduction between H+
and O2-, where these two species form temporal H-O bonds [5]. This mechanism
however, was just recently proposed, and there is no evidence or strong supporting theory
to strengthen this claim.

Figure 2.16 - Paddlewheel conduction mechanism observed in Li2SO4 [9]

Accelerated grain/phase boundary conduction has identified a need for a fine
microstructure to increase the density of these boundaries, increasing conductivity [5].
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To maintain a fine microstructure, precipitation techniques are commonly employed to
produce GDC powders, maintaining post-calcined particle sizes of less than 100nm [48].
The low melting temperature of binary composite systems also allows for accelerated
liquid phase sintering processes at around 600oC, which are often accompanied by uniaxial pressure to improve densification [4,49,50]. This is in direct contrast to the 1250oC1550oC sintering temperatures typical of monolithic GDC electrolytes [15,51-53],
keeping GDC mass transport processes to a minimum, and thus restricting grain growth.
However, this uniaxial hot-pressing of electrolyte compacts is not as cost effective as
standard pressureless sintering methods. Scalability of samples produced by this hotpressing method is also a cause for concern and will be discussed in later sections.
The new protonic conduction pathway through the electrolyte requires an update
of the reaction mechanism model shown earlier in Figure 2.1. This new reaction
mechanism model (Figure 2.17) shows the new half-reactions that occur at the electrodeelectrolyte interfaces.

Figure 2.17 - Co-ionic reaction mechanisms in ceria-carbonate composites
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In this model, there are four half reactions that occur. Two at the anodeelectrolyte interface, the first as per the oxygen ion transport species:
(2-28)
And the second as per the protonic transport species:
(2-29)
Likewise, there are two half reactions at the cathode-electrolyte interface, one
from the oxygen ion transport species:
(2-30)
And one from the protonic transport species:
(2-31)
One important note is that the presence of these new half reactions does not effect
the overall equation or the number of electrons liberated in the half-reactions, with the
only notable difference being that water is produced on different sides of the electrolyte:
(2-32)
This is fundamentally important as this means that the Gibbs energy of the
reaction is unchanged, and the ideal potential (or open circuit voltage) of the system
remains the same as per equation (2-2).
There has been some work that has shown that protonic conducting electrolytes
can exhibit higher theoretical efficiencies and fuel utilisation than oxygen ion conducting
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electrolytes [54,55]. These studies have also examined theoretical co-ionic conducting
electrolytes, arguing that higher protonic transference numbers lead to higher potential
performance [55]. Both of these studies suggest that it is more advantageous to produce
water on the cathode side of the electrolyte. They argue that production of water on the
anode side dilutes the fuel stream, which not only lowers the ideal potential (as per the
Nernst equation), but also makes it more difficult to achieve high fuel utilization.

2.9.2 LT-SOFC Cathodes
In order to be a promising cathode candidate for SOFCs, the cathode material
must be highly electronically conductive, stable in an oxidizing atmosphere, and
catalytically active to the respective cathode half reaction, all at the required operating
temperature [8]. Two major materials systems satisfy these criterion cost effectively for
LT-SOFCs: lithiated nickel oxide (LixNi1-xO2) [48-50] and cobaltites (A1-xBxCo1-xFexO3 ;
A,B = La, Sr, Gd, Sm) [4,56].
Lithiated nickel oxide is most commonly used for molten carbonate fuel cells
(MCFCs) [57]. This material shows excellent catalytic properties for MCFCs, with the
state-of-the-art MCFC cathodes exhibiting charge transfer resistance values of <0.3 /cm2
at 650oC [58]. However, use of lithiated nickel oxide is restricted by its low conductivity
~0.5-5 S/cm at 500-600oC and its decomposition which occurs between 620-800oC
depending on composition [59].
More commonly employed in LT-SOFCs are cobaltite cathodes, mostly due to
similar catalytic properties (charge transfer resistance ~0.12

/cm2 at 700oC [15]) and far

superior electrical conductivity (~400 S/cm at 600oC [40]). Cobaltite cathodes are also
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known to have a relatively high ionic conductivity which is thought to lend to its
enhanced catalytic properties [8]. Cobaltites (as well as lithiated nickel oxide) are
commonly mixed with electrolyte material, creating a composite cathode that serves two
purposes; a higher active area for the oxygen reduction reaction and a closer thermal
expansion match to the electrolyte [40].
Neither cathode system has emerged as the primary candidate, considering the
relatively small amount of research performed for each system in LT-SOFCs. Both
LiNiO and cobaltites exhibit mixed ionic-electronic conductivity which has shown to
greatly benefit the catalytic performance of cathodes in general (explained in section
2.7.3.1). While LiNiO exhibits some protonic conduction and cobaltites exhibit some
oxygen ion conduction, the advantages of protonic versus oxygen ionic conduction in
cathodes in these systems has not been examined. Both cathode candidates have been
shown to provide LT-SOFCs of similar power densities (Table 2.1), with the only
discernable advantage being higher electrical conductivity of the cobaltite system.
However, for SOFCs, the more critical performance characteristic of cathode materials is
the catalytic activity or charge transfer resistance, and surprisingly there has been no
research in this area for cathode materials in LT-SOFCs.
2.9.2.1 The Cathode Quandary
In all of the studies on LT-SOFCs to date, no studies have examined the losses
associated with the catalytic activity of the cathode. It has been identified that the two
„major‟ limiting factors to reducing the temperature of IT-SOFCs below 600oC are the
conductivity of the electrolyte [19] and the catalytic activity of the cathode [8]. Both of
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these properties are thermally activated (follow an Arrhenius relationship with respect to
temperature) and decrease drastically as temperature is reduced.
As shown in Figure 2.15, the conductivity of the electrolyte in this new material
system has been improved, overcoming the limitation of traditional IT-SOFC electrolytes.
However, research would indicate that use of traditional IT-SOFC cathodes at LT-SOFC
temperatures should produce losses which would contradict the power densities achieved
by LT-SOFCs [8] (Summary of LT-SOFC power densities in research can be found in
Table 2.1 in the next section). It is apparent that there must be some improved
performance on the catalytic ability of the cathodes employed in this system. The only
hypothesis that can potentially be forwarded is that the co-ionic conducting nature of LTSOFC electrolytes must play some role in reducing the catalytic losses of the cathode.
No current work has been done to investigate this effect, and it will be the focus of
this thesis to determine the effect of LT-SOFC electrolytes on the catalytic performance
of the cathode.

2.9.3 Previous Work
LT-SOFC research is a relatively new field, and because of this, many different
systems have been studied in the recent years. Early research investigated a wide range
of ceramic-salt composites, not limited to doped ceria and carbonates.

Earliest studies

involved sulfate and nitrate salts constrained within an alumina matrix, following the
more conventional MCFC configuration [9]. A few years later, fluorides, chlorides and
hydroxides were employed as the salt component of the composite with varying success
[60,61]. Soon afterwards, more traditional SOFC elements were added to the research
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trend; alumina was replaced with ionically conductive ceria, and carbonates were settled
on as the salt material [4]. This system offered a combination of high conductivity and
performance while abstaining from using the highly corrosive salts popular in the late
90s. The majority of LT-SOFC research is now based on ceria-carbonate composites;
performances of these systems are summarized in Table 2.1.

2.10 LT-SOFC Sintering/Production
This section will first review the solid state sintering process and viscous flow
sintering which are both responsible for the densification and grain growth in carbonate
containing ceria electrolytes examined in this study.

2.10.1

Solid State Sintering

Sintering is the process by which a powder compact is transformed into a strong
and dense ceramic body through the process of a heat treatment. This process is driven
by a movement towards a lower energy state through a decrease in surface area. In the
process of reduction of the surface area (or solid-vapour interface) of the solid,
neighbouring powder particles merge together creating a larger particle:

Figure 2.18 - The sintering process
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Table 2.1 - Ceria-carbonate electrolyte LT-SOFC power densities
Max Power Density (mW/cm2) at
Temperature
320oC
400oC 550oC
600oC
150

Material System

Electrolyte*
Cathode**
Anode**
Ce0.9Gd0.1O1.95
La0.6Sr0.4Co0.8Fe0.2O3
NiO
(GDC10) (LSCF)
BaCO3
GDC10 – SrCO3
LSCF
NiO
175
GDC10 – CaCO3
LSCF
NiO
125
40 mol% GDC10
LSCF
NiO
550
60 mol %
0.6 BaCO3 /
0.4 SrCO3
GDC10 –
LiNiO
NiO
725
0.33 Na2CO3
0.66 Li2CO3
Ce1-xSmxO1.95 (SDC) –
LiNiO
NiO
200
600
825
0.33 Na2CO3
0.66 Li2CO3
Ce0.8Ca0.2O2 (CDC) –
LiNiO
NiO
500
0.33 Na2CO3
0.66 Li2CO3
SDC –
Information not Available
400
K2CO3
Li2CO3
GDC –
LSCF
NiO
240
0.33 K2CO3
(535oC)
0.66 Li2CO3
GDC –
La0.6Sr0.4CoO3
NiO
300
0.33 K2CO3
(LSC)
(530oC)
0.66 Li2CO3
80 wt% SDC
LiNiO
NiO
175
250
20 wt%
0.33 Na2CO3
0.66 Li2CO3
*Electrolyte composites typically range between 20-30wt% carbonates
**Cathode and anode materials are composites containing ~40-50 wt% electrolyte unless indicated
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For this process to occur, the material must be heated to a level where particles
posses sufficient energy to promote self-diffusion of the material. This self diffusion can
occur through a number of diffusion mechanisms (Figure 2.19).
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Figure 2.19 - Sintering mechanisms

Lattice diffusion is the movement of particles through the bulk or lattice of the
material. The source of matter for this mechanism can be from either the particle surface
or grain boundary, depositing matter at the „neck‟ region between sintered particles. The
sintering mechanism relies heavily on the self-diffusion properties of the material. The
rate at which the compact „shrinks‟ due to densification through sintering for this
mechanism is given here [63]:

(2-33)

where „L’ is the length of the compact, „

SV‟

is the surface energy of the solid-

vapour interface, „DV‟ is the diffusion coefficient of vacancies, „r‟ is the particle radius,
„t‟ is time and „ ‟ is the atomic volume of the diffusing atom.
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Evaporation condensation occurs when surface atoms evaporate off the surface of
the material and condense at a different location. This mechanism relies on the fact that
partial pressure varies with the curvature of any surface [64]:

(2-34)

where „ ‟ is the surface energy and „rx‟ represents the principle radius of curvature
of the surfaces in question. This varying partial pressure promotes higher vapour
pressures (and thus elevates solubility) along surfaces with a large radius of curvature.
As the neck region (region to which arrows point in Figure 2.19) displays a lower radius
of curvature than the bulk particle surface, vapour will condense in this region, following
the concentration gradient. The influx of matter to this region will force condensation on
the surface of the neck, slowly building up material in this area. This neck growth can be
represented by the following equation [63]:

(2-35)

where „x‟ is the distance between the apex of the neck and the line formed by the
two center points of the particles, „M‟ is the rate of condensation, and „ ‟ is the radius of
curvature of the neck.
Grain boundary diffusion occurs as material diffuses along the grain boundary.
This mechanism is very similar to lattice diffusion, except that the diffusion path is not
through the bulk, but through the solid-solid grain interface which has a tendency to have
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superior diffusion (due to a higher density of lattice defects). The shrinkage due to this
mechanism is given by [63]:

(2-36)

where „

gb‟,

„Dgb‟ and „

gb‟

are the width, diffusion coefficient and surface energy

of the grain boundary.
Surface diffusion takes place through the diffusion of matter over the free surface
of the particle. This mechanism is similar to both grain boundary and lattice diffusion, as
its rate relies mostly on the diffusion coefficient. The shrinkage is governed by [65]:

(2-37)

Sintering occurs in three stages, the initial stage where all pores are open to the
environment, the final stage where all pores are enclosed within the bulk material, and the
intermediate stage which is a combination of the two. All of the equations given so far in
this section only apply to the initial stage of sintering, with their definitions becoming
more complex as pores become enclosed. The transition to the final stage of sintering is
accompanied by a slowing down of the densification process. The reason for this is
mostly due to the elimination of the surface diffusion and evaporation condensation
diffusion paths. Also, once all pores are enclosed, pore elimination must take place
through the bulk of the material to the exterior surface, a diffusion path which is typically
quite large in length. The rate of pore elimination in the final stage suddenly becomes
governed by an equation related to the gas pressure within the pore (Pg) [63]:
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(2-38)

where „ ‟ is the density, „r‟ is the pore radius and „L‟ is the diffusion length from
the pore to the surface.

2.10.2

Viscous Flow Sintering

The mechanism for sintering can be drastically changed when a second phase is
added to the solid state sintering model described in the previous section that becomes a
viscous liquid at sintering temperatures. If there is sufficient liquid phase „wetting‟
adjoining particles, mass transport of the liquid phase flowing into void spaces can
become the rate controlling densification mechanism.
The driving force for sintering in this mechanism comes from the negative radius
of curvature of pores and voids (in contrast to the outside of a particle which has a
positive radius of curvature). This causes a negative pressure inside pore regions
(equation (2-34)), forcing the viscous liquid phase to flow into the pores (sometimes
described as capillary forces), densifying the compact. It follows that densification is a
function of viscosity of the liquid phase ( ) and particle size of the solid phase (r) [64]:

(2-39)

As densification relies on the flow of a liquid as opposed to solid state diffusion,
viscous sintering can occur over significantly shorter timescales. A further advantage of
viscous sintering is that grain growth of the solid phase can be restricted if the liquidus
temperature of the sintering aid is lower than that of the traditional sintering temperature
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of the bulk material. The concentration of the viscous liquid phase must be carefully
controlled, too much liquid phase will cause the material system to become semi-solid,
allowing the material to „flow‟ during sintering, warping the shape of the final compact.

2.10.3

Sintering of LT-SOFC Electrolytes

The carbonate phase in LT-SOFC electrolytes become a liquid at around 600oC
(depending on composition), much lower than the traditional sintering temperature of Gd
doped ceria (1100 – 1400oC). The binary phase diagram for Li and Na carbonate
(carbonates used in this study) is given here as an example:

Figure 2.20 - Binary phase diagram of lithium carbonate and sodium carbonate 6

These electrolytes are sintered at temperatures where the carbonates are liquid,
making viscous phase sintering the dominant densification method.
6

This binary phase diagram was produced using FACTSage Thermodynamic software from a database
produced by the Facility for the Analysis of Chemical Thermodynamics
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The fabrication procedure for these electrolytes is consistent across literature
[4,48]. The doped ceria powder (often either Sm or Gd doped ceria) is prepared through
wet chemical precipitation techniques, and the carbonates are commercially purchased.
The ratio of carbonates in the mixture is tailored to reduce the liquidus temperature of the
carbonate phase.
The carbonates and ceria powder are mixed together and heat treated in a CO2
atmosphere (assumedly to prevent decomposition of the carbonates into oxides) at the
liquidus temperature of the binary carbonate composition for an hour. The carbonates
„wet‟ the ceria powder, and during cooling, the carbonates precipitate forming a well
homogenised mixture of carbonates on the surface of the ceria powder.
The heat treated powder is ground and then sintered using uni-axial hot pressing at
a load of ~25 kg/cm2 and a temperature of ~600oC for a short period of time (~1hr) to
increase the driving force for densification.
Hot pressing is used to reduce the temperature required for viscous sintering by
assisting compaction during sintering, forcing a reduction in pore size, and an increase in
the pressure gradient, increasing the driving force for the liquid to flow into pores and
voids. By keeping the sintering temperature and times low, solid state sintering processes
will be inhibited, minimising grain growth in the ceria phase.
There are some distinct limitations to uni-axial hot pressing. This technique is
more expensive than traditional pressureless sintering methods, due to the requirement of
a unique pressing apparatus tailored to the dimensions of the desired size of the sample.
If only one die is used to press the sample, only one sample can be pressed at a time.
62

Pressing multiple samples simultaneously increases both the complexity and cost of the
pressing apparatus.
Another important limitation of hot-pressing is that this technique does not allow
for production of thin films. Electrolyte layers in traditional SOFCs are on the order of
tens of microns, whereas hot pressed electrolytes are typically no less than one millimetre
thick. The electrolyte typically exhibits high ohmic losses, so minimising the thickness of
the electrolyte also maximises the performance of the cell. Pressureless sintering
techniques are more flexible, allowing for a variety of thin film deposition methods to be
employed.
This study will ultimately investigate both uni-axial hot pressing and pressureless
sintering as techniques for fabricating carbonate containing ceria electrolytes.

2.11 Modeling the SOFC
It is common practice to set up a model for an SOFC in terms of an equivalent
electric circuit in order to separate and quantify different sources of losses in the cell.
The resulting properties of the equivalent circuit allow for techniques like AC impedance
or the current interrupt method to distinguish the difference between conductivity and
catalytic losses.

2.11.1

Equivalent Circuit

Any SOFC can be modeled using an equivalent circuit. This technique is used to
separate ohmic, catalytic and mass transport losses. The equivalent circuit model for the
system is given in Figure 2.21, with all components explained in detail in this section.
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Figure 2.21 – Unsimplified LT-SOFC equivalent circuit

To assist in the explanation of this circuit model, node references have been noted
on the diagram that will be referred to in the following paragraphs.
The voltage (potential) produced by the overall governing reaction is a function of
the Gibbs energy of that reaction. This governing reaction is the same regardless of
which half-reactions are examined (protonic or oxygen ionic transport), allowing for us to
place a single constant voltage element (VREV) in our model at node (A).
If we follow the electron flow, starting with the cathode, electrons flow to the
reaction site at the cathode-electrolyte phase boundary (node (B)). Wherever a charged
species flows through a medium, the potential will drop according to Ohm‟s law, thus we
can place a resistive element into our model to simulate this flow (RCATHODE).
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To the right of this resistive element in the model (node (C)), the circuit has been
divided into two parallel paths. This is necessary as the electrolyte has two parallel
conducting species which flow and react differently from each other.
At the cathode-electrolyte phase interface, two half reactions take place; the
reduction of oxygen to oxygen ions, and the incorporation of protons into oxygen gas to
produce water (as mentioned in Section 2.9.1). To simplify this explanation, only the
oxygen ion half reaction will be considered. For this half reaction, two charged species
are involved, electrons and oxygen ions. The electronic species is limited to exist in the
cathode, whereas the ionic species exists predominantly in the electrolyte. Since we have
a situation where charged species are separated by a finite amount of space (in this case
the interfacial boundary), we have satisfied the conditions of a capacitor. This is known
as the capacitive double layer [66]. The phenomenon that takes place at the cathodeelectrolyte interface is referred to as the charge transfer. The equivalent resistance
(RCTcathode) quantifies the losses that are associated with the transfer of electronic charge
(cathode) to ionic charge (electrolyte) as per the Butler-Volmer equation. As both
resistive and capacitive effects both happen at the interface, charge transfer can be
modeled as a resistor and capacitor in parallel (node (D)). The capacitor is often denoted
instead as a constant phase element (CPECTcathode) as this effect does not exhibit pure
capacitive qualities due to anisotropic variations at the cathode-electrolyte interface. This
circuit element is equivalent to that of a capacitor with its impedance raised to the
exponent „n‟ [67,68]. This exponent is usually near unity and often taken as such.
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Following the path of the oxygen ions through the electrolyte, the potential of the
system is decreased due to the resistance of the flow of charge, leading to a resistive
element (RELECTROLYTE) at node (E).
At the anode-electrolyte interface, the anodic half reaction involving oxygen ions
takes place, and due to the same arguments presented for the cathode, a CPE and a
resistor in parallel are used to model the reaction (node (F)).
Nodes (D), (E) and (F) that take place for the oxygen ion path also are present for
the reactions/pathways of the protonic species. The same logic holds for the protonic
pathway, and thus these three nodes are duplicated for this separate protonic path.
In the anode, all ionic species (protonic and oxygen ionic) have been converted
back to electrons, so the circuit paths are merged together at node (G). The flow of these
electrons through the anode is represented by a resistive element (RANODE) at node (H)
using the same argument as for the cathode electron flow.
This entire model can be connected to a load in practice, and the resistance of this
load can be varied to measure the potential and power density of the cell at different
current densities.
Fortunately, Figure 2.21 can be simplified to a much simpler Figure 2.22 using
standard electric element simplification techniques:
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Figure 2.22 - Simplified LT-SOFC equivalent circuit

This simplification was possible by first combining the elements of the protonic
and ionic pathways (nodes (D), (E) and (F)) into a single pathway where all resistors and
capacitors become „effective‟ resistances and capacitances characteristic of the overall
resistive and capacitive effects. The next simplification was to sum the resistors
representing charge flow through the cathode, electrolyte and anode (nodes (B), (E) and
(H)), to create a new resistive element which is the overall „bulk‟ resistance of the cell
(RBULK). The final simplification is the removal of the parallel portion of the circuit
representing the charge transfer at the anode-electrolyte interface (node (F)). The charge
transfer losses associated with the half reaction at the anode site have long been identified
as being orders of magnitude lower than the charge transfer losses at the cathodeelectrolyte, regardless of whether the system in question is based on a protonic
conducting or oxygen ion conducting electrolyte [3]. The resulting equivalent circuit is
found in a similar form to this in most literature which models SOFCs [8].
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2.11.2

Current Interrupt Method

The equivalent circuit in Figure 2.22 is most often analysed by one of two
experimental techniques; AC Impedance Spectroscopy (EIS) or the Current Interrupt
Method (CIM). Both measure the response of the equivalent circuit in the time domain.
The two parameters of interest in the equivalent circuit are the charge transfer resistance
of the cathode (RCTcathode) and the ohmic resistance of the cell (RBULK). These two
resistive losses account for the majority of cell losses at low current densities.
The property of the equivalent circuit that allows for this separation of these two
quantities is the capacitive double layer (CPECDLcathode) that is in parallel with the cathodic
charge transfer resistance. As this capacitor is in parallel with the charge transfer
resistance, the voltage across the two elements will remain the same. As the impedance
of the capacitor is in the time domain, any transient change in the load will require a time
response for the parallel portion of the circuit, which can be easily measured.
AC impedance spectroscopy produces a small sinusoidal voltage perturbation to
the cell, and measures the resulting impedance of the cell. The frequency of the
perturbation is varied to analyse the impedance over a frequency range in attempt to
segregate the different transport phenomenon throughout the cell based on the speed of
these processes. A typical AC spectroscopy sweep is shown in Figure 2.23, note the
semi-circular arc which is a characteristic response for a resistor and capacitor in parallel.
The main disadvantage of EIS is the resulting frequency responses can be difficult to
interpret even for an experienced person [69]. It is common to misinterpret these
frequency sweeps as overlap of two or more „arcs‟ can convolute the data. Preliminary
results involving LT-SOFCs performed by the author showed this to be the case.
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Figure 2.23 - Sample AC Impedance Spectroscopy data

The Current Interrup Method (CIM) is the other analysis technique used to
separate the charge transfer resistance from the ohmic resistance of the cell. The CIM
involves the coupling of the fuel cell to a load to produce the desired current density. The
load is then removed from the circuit using a solid-state relay to produce an open-circuit,
hence „interrupting‟ the current flow. When current interruption occurs, two distinct
responses to the potential of the cell can be observed using an oscilloscope connected
across the load. The polarisation across the resistor representing the ohmic resistance of
the cell will instantaneously go to zero, represented by a jump in cell potential shown in
Figure 2.24. The capacitor in the parallel component of the equivalent circuit will change
polarization over a finite amount of time during this event, creating a slow response that
can be easily modeled by a basic RC response [70]:

(2-40)
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Where „V’ is the potential increase across the cell as a result of the decrease in
polarisation across the parallel portion of the equivalent circuit and „I’ is the current
density of the cell before the interruption event.

Figure 2.24 - Sample Current Interrupt Response

The distinct advantage of this technique is that it is can separate ohmic and
electrode polarisation losses at any current density in situ. The disadvantage of this
technique is that it exerts a significant perturbation on the cell during the interrupt event.
However, this lasts for only a short duration and is often not a cause for concern [71].

2.11.3

Modeling Mass Transport (Diffusion) Losses

There is a condition in which using an equivalent circuit as described in the
previous section is not adequate in modeling the transient voltage response for the current
interrupt method. If the current load on the SOFC is large enough, or the gas diffusion
through the electrodes is not sufficiently rapid, a situation develops where the gases
involved in the half-reactions at the anode-electrolyte or cathode-electrolyte interface
cannot diffuse to the reaction site fast enough to maintain the required current. The result
70

is that the concentration of the reacting gases at the reaction site will be lower than that of
the gas stream, creating a gradient in gas composition throughout the cathode or anode.
When the concentration of reacting gases is lowered at the reaction site, there is a
resulting drop in the voltage (potential) produced by the cell. (This effect has been
discussed previously in Section 2.4 and can be seen quantitatively in the Nernst equation
(equation (2-3)) given in that section). As the current is interrupted, the concentration of
the reacting gases will return to equilibrium over time. This dynamic change in
concentration occurs during the data acquisition after the current interrupt event and
affects the measured voltage of the cell. This effect has been observed in literature [72]
and an example of how it affects current interrupt results is given in Figure 2.25.
These diffusional effects are typically qualitatively identified and removed
through visual interpretation of current interrupt results [72] with a high degree of
success, however, a more complete method is to model this effect using simple diffusion
analysis [13,73].

Figure 2.25 - Example of current interrupt response showing the regions of ohmic loss ( IR), catalytic
loss ( Rc) and diffusion loss ( Eloss) for different fuel utilisation percentages (Uf/Uox) [72]
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2.11.3.1 Fick’s Model vs. Maxwell-Stefan Model
There are generally three diffusion models considered for the analysis of masstransfer in SOFCs: Fick‟s Model, the Maxwell-Stefan Model and the Dusty Gas Model
[13,74,75]. Of these, the Maxwell-Stefan and Fick‟s Model do not require a numerical
solution, allowing for more flexibility in their use.
Fick‟s first law is based on assumption that a diffusing species will diffuse along a
concentration gradient with a speed based on its concentration gradient, and is not
effected by other gases in the environment. This equation is often given in the form:

(2-41)

Which is the simplified one dimensional version of the equation, where „J‟ is the
flux of the diffusing species, „C‟ is the concentration of the species, and „z‟ is the
diffusion direction.
The Maxwell-Stefan model is based on a different set of assumptions. For binary
mixtures in a single dimension (z), it is derived based on a force balance [74]. This model
takes into account two gases that are diffusing past each other at different speeds. The
force balance is based on the equating of a driving force for diffusion, which is the
chemical potential gradient (d /dz), and the drag force (from the second gas) that resists
the motion:

(2-42)
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where „Dms‟ is the Maxwell-Stefan diffusivity, „u‟ is the velocity of the different
gaseous species, and „x‟ is the mole fraction of the respective species. This can be
extended to a multi-component system in multiple dimensions:

(2-43)

With some slight re-arranging to make equation (2-42) based on fluxes instead of
velocities, and the introduction of a thermodynamic correction factor ( ), this equation
can take on a form very similar to Fick‟s first law of diffusion:

(2-44)

In gas mixtures at low to moderate pressures,

is very close to one, making the

Maxwell-Stefan model and Fick‟s first law identical [74]. Coupled with the fact that the
diffusion coefficient of oxygen in humidified air does not depend greatly on humidity of
the air ([76], based on equations cited in [77]), using Fick‟s law to describe the diffusion
in the cathode is suitable for the purpose of this study.
There is some concern when using Fick‟s law to predict the diffusion of hydrogen
through the anode [75]. For this problem, the dusty-gas model and to a lesser extent, the
Maxwell-Stefan model more accurately predicts H2 diffusion [13], however, oxygen
diffusion in the cathode is often modeled using much simpler means (Fick‟s law) [75].
The same theory applies to the time domain and Fick‟s second law of diffusion
will be used to model the transient nature of the oxygen diffusion in the cathode:
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(2-45)

As a final note, in SOFCs, the diffusion of all non-reacting species is typically
ignored as their concentration does not vary much with the diffusion direction [75].
2.11.3.2 Nernst Equation
The Nernst equation typically seen for SOFCs needs to be modified somewhat
when attempting to model the losses at the cathode-electrolyte interface for LT-SOFCs.
The Nernst equation in its general form is given as:

(2-46)

For a global redox reaction of the form :
(2-47)
Where „a’ is the activity of the species participating in the reaction and „v‟ is the
stoichiometric coefficients of their respective species.
Through a derivation shown in Appendix III – Derivation of Cathodic Nernst Loss
(based on analysis found in [75]), this results in a relationship between performance loss
( E) and the concentration of oxygen at the cathode-electrolyte interface (PO2|int):

(2-48)
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2.12 Performance Requirements
The predominant indicator of cell performance is its maximum power output,
which is the peak value of the power density curve (Figure 2.3). Published performance
for IT-SOFCs typically range from 50 – 650 mW/cm2 [78,79], with 500 mW/cm2 often
stated as the target power density for practical fuel cell operation [24]. Yet with careful
microstructural control and improved fabrication methods, reduction of losses can result
in much higher power densities. HT-SOFCs based on YSZ electrolytes have attained
performances as high as 1.8 W/cm2 [12]. As shown previously in Table 2.1, literature has
shown LT-SOFCs performing between 125 – 825 mW/cm2, however, this is at the high
range of LT-SOFCs (600oC), at lower temperatures (400-550oC), LT-SOFCs typically
perform between 200-300 mW/cm2.
In this study, 500 mW/cm2 will be used to define a SOFC with adequate
performance characteristics.
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3 Chapter 3 Objectives
3.1 Statement of the Problem
There are multiple reasons to lower the operational temperatures of SOFCs from
traditional temperatures (600oC-1000oC) to much lower temperatures (400oC-600oC). If
operating temperatures can be lowered into this range, they will be subjected to less
thermal stresses, more reliable non-glass sealants can be used, and cost-effective
materials like stainless steel can be more easily integrated into the hot zone of the system.
With the cost and reliability of SOFCs seen as inhibiting their commercialisation, cost
reductions to the fabrication of the system, and increasing the life-expectancy of the
system is essential to develop SOFCs into a commercially viable system.
Doped-ceria carbonate electrolytes are a promising candidate to assist in
decreasing the operational temperature of the system. These electrolyte systems have
shown increased conductivity and power outputs previously unattainable by traditional
SOFCs. However, the development of the fabrication methods for these electrolytes is
still in its infancy, and uni-axial hot pressing is the exclusive manufacturing technique
used. Uni-axial hot pressing is not cost-effective, scalable or able to produce thin film
electrolytes. Pressureless sintering is a more flexible and cost effective manufacturing
process, yet has not been successfully achieved for this system.
There has been no published literature examining the cathode catalytic losses in
these novel LT-SOFC systems. It is unclear why these LT-SOFC systems are performing
so well considering that knowledge of the operation of traditional cathodes at these
temperatures indicates that there should be losses that would seriously limit the
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performance of the cell. There has been no previous research performed to investigate
the effect of these carbonate containing ceria electrolytes on the catalytic performance of
the cathodes.

3.2 Objectives of the Study
There were four main objectives of this study:
1. Develop a reliable, cost effective, scalable manufacturing method for a gadolinium
doped ceria (GDC) electrolyte containing carbonates
2. Examine the effect of proton conducting carbonates in gadolinium doped ceria
electrolytes on catalytic performance of cobaltite cathodes
3. Determine the optimal composite cathode composition using strontium as the
dopant on the gadolinium A-site using conductivity, catalytic activity and thermal
expansion matching as optimisation parameters.
4. Predict the lowest operational temperature at which these cathode candidates can
meet benchmark power densities of 500 mW/cm2 under standard operating
conditions.
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4 Chapter 4 Experimental
4.1 Powder Composition Selection
The material systems that were fabricated in this study are summarized in Table
4.1.
Table 4.1 - Studied materials systems

Material
System

Electrolyte
(2 compositions)
70, 80 wt%
Ce0.9Gd0.1O220, 30 wt%
0.67 Li2CO3
0.33 Na2CO3

Cathode
(15 compositions)
50 – 90 wt%
Gd1-xSrxCoO3
X=0.1, 0.2, 0.3
10, 20, 30, 40, 50 wt%
Electrolyte

Anode
(1 composition)
60wt%
NiO
40wt%
Electrolyte

The next section will discuss the reasons for the selection of these material groups
and compositions.

4.1.1 Electrolyte Composition Selection
The fluoritic ceria has shown the highest ionic conductivities with gadolinium
doping between 10-20 mol% (Figure 2.6). This is attributed to gadolinium substituting
cerium on the crystal lattice creating oxygen vacancies as described in section 2.7.1.1.
While there is argument over the optimal gadolinium dopant levels, this study will focus
on the use of Ce0.9Gd0.1O2- , as lower levels of dopants exert less strain on the lattice.
The carbonates within the composite were Li2CO3 and Na2CO3, these were
selected in molar ratios of 67% and 33% respectively as they are the two most prevalent
carbonates salts and this is the most common molar ratio found in literature [48-50,56]. It
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can be argued that this composition was selected for its convenient melting temperature
of 600oC and its good performance.
The selection of the ceria to carbonate weight ratio in the composite was based on
sample fabrication experience. If the carbonate levels in the electrolyte exceeded 30wt%,
mechanical stability was a concern, whereas using less than 20wt% carbonates provided
poor densification of the electrolyte.

4.1.2 Cathode Composition Selection
Previous studies have indicated that Gd0.8Sr0.2CoO3- is the optimal cathode
candidate for the Gd1-xSrxCoO3- (GSCO) system when examining thermal expansion
and electronic conductivity characteristics [16]. For this reason, this material system was
chosen as the cathode for this study. To study the effects of Sr doping, the Sr level was
varied by 10 mol%, between 10 and 30 mol% in the system. (Gd1-xSrxCoO3- x= 0.1 –
0.3).
As this study investigates „composite‟ cathodes, 10-50 wt% electrolyte material
was used to create a composite cathode of the formula (1-z) wt% Gd1-xSrxCoO3- / (z)
wt% (electrolyte) where z = 10, 20, 30, 40 or 50. It was determined through preliminary
experimentation that for z < 10, the composite cathode had poor adhesion to the
electrolyte, and for z > 50, the composite cathode was mechanically weak and was prone
to fracture during the sintering process.
Based on these observations, a total of 15 composite cathode compositions were
examined in this study.
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4.1.3 Anode Composition Selection
The anode used was a 60 wt% NiO / 40 wt% electrolyte two phase composite.
This is widely reported in literature as the best composite for use in all SOFCs (LT, IT
and HT) [3,4,11,15,16].

4.2 Powder Production
To produce powders which are suitable for sample fabrication, these powders
must be synthesized from chemical precursors, heat treated to ensure high purity and
crystallinity, milled to eliminate powder agglomeration, and finally mixed together using
ball milling (not necessarily in this order).
The next sections are going to describe these processes in detail for the electrolyte,
cathode and anode powders. To avoid confusion, it should be noted that the anode and
cathode powders are both composites which contain a specific amount of base electrolyte
material mixed in. Since the electrolyte itself is a composite of GDC and carbonates, this
means that both the anode and the cathode materials are composites consisting of two
parts: the functional electrode material (NiO for the anode and GSCO for the cathode)
and a composite electrolyte. This produces a situation where the composite anode and
cathode materials contain composite electrolytes as part of their makeup.

4.2.1 Powder Synthesis
The electrolyte, cathode and anode powders were synthesized in-house using
commercially available nitrate and acetate salts and carbonate powders shown in Table
4.2.
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Table 4.2 - Chemicals for powder synthesis

Chemical

Chemical Formula

Purity

Company

Cerium Nitrate
Hexahydrate
Cerium Acetate

Ce(NO3)3 • 6H2O

99.9%

ProChem Inc.

CAS
Number
10294-41-4

Ce(CH3COO)3 •
1.5H2O
Co(NO3)2 • 6H2O
Gd(NO3)3 • 6H2O

99.9%

ProChem Inc.

537-00-8

99.9%
99.9%

ProChem Inc.
ProChem Inc.

10026-22-9
19598-90-4

Ni(NO3)2 • 6H2O
Sr(NO3)2
Li2CO3
Na2CO3
H2(C2O4)

99%
99.9%
99+%
99.5+%
98%

Sigma-Aldrich
ProChem Inc.
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

13478-00-7
10042-76-9
554-13-2
497-19-8
144-62-7

Cobalt Nitrate Hexahydrate
Gadolinium Nitrate
Hexahydrate
Nickel Nitrate Hexahydrate
Strontium Nitrate
Lithium Carbonate
Sodium Carbonate
Oxalic Acid

Two synthesis techniques will be used to produce all ceramic (non-carbonate)
powders. One is the modified glycine-nitrate process (GNP) [80,81] and the other is the
oxalic acid precipitation method (OAP) [82].
The standard GNP [80] involves mixing heavy metal cation nitrate solutions
together in the desired stoichiometry with glycine powder in a „glycine to nitrate‟ molar
ratio of 1.75 to 1. The modified GNP uses a mixture of acetate and nitrate solutions to
control the heat of the reaction (nitrate decomposition is a more exothermic reaction than
acetate decomposition, therefore the higher the nitrate content, the higher the reaction
temperature). After mixture, the solution is heated, evaporating the water from the
solution, creating a semi-solid glycine gel that immobilizes the finely dispersed nitrates
and acetates. Upon further heating, the glycine is ignited, providing sufficient energy to
decompose the nitrates and acetates into their respective oxides. The resultant powder is
calcined to remove organic impurities and re-order crystallites to a uniform crystal
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structure. The nitrate to acetate ratio will be used to control crystallite size of the
resultant power by modifying the heat of the reaction.
The OAP method also uses nitrate precursor solutions, to which a 2M oxalic acid
solution is added. The oxalic acid initiates a substitution reaction (eq. 4-1) producing
heavy metal oxalates which must be heated to 200-400oC to decompose to their
respective oxides7.
(4-1)
Both methods produce fine nano sized powders of the desired stoichiometries.
The crystallite size of the powders was measured using X-ray broadening techniques, and
phase composition will be verified using X-ray diffraction. These techniques will be
discussed in more detail in later sections.

4.2.2 Calcination Optimisation
After production of oxide (non-carbonate) powders via either the glycine-nitrate
process (GNP) or oxalic acid precipitation method (OAP), it is necessary to calcine the
products through a heat treatment process. Calcination serves two purposes: it removes
any byproducts remaining from either combustion (GNP) or chemical synthesis (OAP),
and it promotes the reordering of atoms within the powder into a single-phase crystalline
material. The temperature and time of calcinations must be carefully selected, for low
temperatures, combustion bi-products may still be present and crystallisation of the
powder may not have taken place. If the calcination temperature is too high, individual

7

The HNO3 species may decompose into H20 and NxOy species instead, however, either product of this
reaction does not compromise the technique
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particles will coarsen as well as create strong agglomerates that can affect the sintering
characteristics of the material.
To properly select an optimal calcination temperature, powders were examined
using x-ray diffraction to determine the level of crystallinity, presence of organics and
crystallite size.

4.2.3 Preparation of Composite Powders
Once the ceramic oxide powders are synthesised, they were mixed with a second
phase to produce the respective composite material outlined in Table 4.1. The Gd doped
ceria (GDC) produced for the electrolyte was mixed with carbonates to produce a
composite electrolyte, and the NiO (anode) and GSCO (cathode) materials were mixed
with electrolyte powder to produce the required composite anode and cathode powders.
Electrolyte composite powders were produced by addition of carbonates to the
post-calcined GDC powder. The mixture was ball milled and then heat treated to 680oC
for 40 minutes, and subsequently air cooled to room temperature. This heat treatment
raised the temperature of the powder past the melting point of the carbonate phase,
allowing Li2CO3 and Na2CO3 to intermix. This heat treatment step is also necessary to
allow the melted carbonates wet the GDC powder, improving the liquid sintering
properties of the powder. After heat treatment, the powder was attrition milled for 1-3
hours, reducing the agglomerate size to <1 m as verified by particle size analysis
techniques.
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To fabricate anode and cathode composite powders, the post-attrition milled
electrolyte powders were mixed with post-calcined electrode powders through ball
milling.

4.2.4 Milling
The excessive temperatures produced during calcinations can lead to weak
bonding between particles creating what are known as agglomerates. These agglomerates
must be removed prior to pressing samples to ensure uniform and efficient particle
packing. This de-agglomeration was performed using either ball milling or attrition
milling.
4.2.4.1 Ball Milling (Mixing)
In this study, the powder to be de-agglomerated was placed into a 500mL polypropylene Nalgene© container. To this, 0.5 wt% Darvan C was added as a particle
dispersant, along with five times the powder weight of cylindrical zirconia pellets
(media). Isopropanol was used as a vehicle to achieve an appropriate viscosity for
milling (~1.3 times the powder weight for cathode composites, ~0.5 times the powder
weight for the anode composites). Isopropanol was necessary as a liquid medium for
milling as sodium and lithium carbonate are both soluble in water (1.33g and 30g per
100mL at 20oC). The container was then placed on mechanical rollers for mixing and
milling.
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Figure 4.1- Ball milling de-agglomeration process [65]

Milling times must be optimised as efficiency decreases exponentially with time
while the level of contamination from both the container and media slowly increase. A
milling time of 6-12 hours was found to be adequate for the breaking of agglomerates.
4.2.4.2 Attrition Milling
Attrition milling is similar in principle to ball milling. The major difference is the
manner in which the media circulates through the container. Instead of relying on
mechanical rollers to move the media to the top of the cylinder where they fall and impact
other media, a stirrer is rotated on the inside of the container, physically pushing the
media.

Figure 4.2 - Attrition Milling [83]
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Attrition milling is more efficient than ball milling in that the rigorous internal
mixing causes more violent media-media impacts allowing for breaking of stronger
agglomerates. It was found that attrition milling was required to break down the strong
agglomerates in the electrolyte composite. This is the only time that attrition milling was
used instead of ball milling, as attrition milling can be prone to high levels of
contamination. Isopropanol was used as the vehicle (~0.9 times the electrolyte powder
weight), with 0.5wt% Darvan C as the dispersant. Milling times were between 1 and 3
hours until no significant change in the particle size of the powders was measured.

4.2.5 Particle Size Measurement
Particle size measurements for all powders were performed using a Horiba
Particle Size Analyzer (LA-910). This analyser has the capability of measuring particle
size distributions in the range of 0.02 to 1000 m in diameter through Mie light scattering
methods. The analyser bombards a dilute colloidial mixture of powder in a transparent
solvent (in this case isopropanol) with monochromatic light from a 50 W Tungsten lamp
for large particle analysis (> 1mm) coupled with a shorter-wavelength 632.8 nm He-Ne 1
mW laser for sub-micron particle measurement. Figure 4.3 below displays the process of
light scattering. Incident monochromatic light is scattered upon contact with a particle at
an angle that varies inversely with particle diameter. Upon detecting light scattering
patterns with a silicon photo-diode array, computer software uses an iterative
deconvolution method to produce a particle size distribution of the sample.
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Figure 4.3 – Example of the principle of laser scattering [84]

Sample batches utilized for particle size analysis were acquired from ball-milled
slurries. A couple of drops from the slurries were placed within the sample chamber,
containing approximately 300 mL of isopropanol, diluting the mixture to 70 to 95% light
transmission as indicated by the photo-diode array. Sample solutions were mechanically
stirred with the automated mixer at approximately 400 RPM and agitated with a 38 kHz
ultrasonic for 300 seconds prior to sample measurement to ensure adequate dispersion of
powder within the solution. These parameters were found to ensure proper powder
dispersion in the liquid.
Every powder has a unique refractive index value that is a measure of its particle
diffraction properties. The refractive indexes for analysed powders are tabulated below:
Table 4.3 – Refractive index of examined powders

Powder

Refractive Index

NiO
2.18[85]
2.20[85]
Ce0.9Gd0.1O2- *
1.46 [40]
Gd0.8Sr0.2CoO3Li2CO3
1.43 [85]
Na2CO3
1.54 [85]
*Refractive index of CeO2 was used
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Refractive Index (in
isopropanol)
1.58
1.59
1.06
1.15
1.11

For composite powders, the refractive index of the largest component (vol %) was
used when calculating the particle size distribution. During analysis, it was found that
there was not much dependence between the refractive index and the calculated particle
size distribution over the range of refractive indexes of the materials in any given
composite. This hypothesis was tested by varying the value of the refractive index used
in determining particle size distribution. This value was varied between the different
refractive indexes of the powders in each composite, and only very slight differences in
the particle size distribution was observed (< 2%).

4.2.6 Final Powder Preparation
Prior to extracting the processed powders from their milled slurries (colloidal
solution), binding agents (when required) were added and ball milled for a further 30
minutes to ensure adequate mixing. The slurry was then deposited onto a drying tray and
placed into a low temperature furnace at 60-70oC overnight to evaporate any residual
liquid. The dried powders were then collected and ground with a mortar and pestle to
remove any weak agglomeration that resulted from the drying process.

4.3 Sample Preparation
4.3.1 Electrolyte Fabrication
The composite electrolyte materials were manufactured in three different shapes;
16 mm diameter pellet for density measurements (~5 mm thick), 31.75 mm diameter
disks for single fuel cell testing (~1-2 mm thick) and square based rods (~ 5mm x 5mm x
40 mm) for thermal expansion measurements. All geometries were fabricated by
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standard atmosphere pressureless sintering, with the exception of preliminary work that
was done to compare this method to uni-axial hot pressing.
The pressureless sintering technique involves the uni-axial pressing of the
electrolyte powder in a stainless steel die between 55-210 MPa. 5% polyethylene glycol
(PEG) was added to the powder prior to pressing, acting as a lubricant and particle binder
to improve powder flow during pressing. The formed compact was then placed in an
atmospheric furnace and sintered to a temperature between 600-800oC for varying times.
The pressing pressure, sintering temperature and time are all parameters which were
optimised to produce electrolyte material with high density (95% +) and finest
microstructure. Grain size was measured by X-ray broadening techniques, as
metallographic polishing and/or etching has not successfully been adapted for this
material. (Soft carbonates/hard ceramic composite is prone to pull-out)
The second sintering technique, uni-axial hot pressing, involves pressing of
organic free powder (no PEG) to much lower pressures between 1-3 MPa. The apparatus
used for hot-pressing was designed in-house by the author (Figure 4.4). The die was made
of alumina for its oxidation resistance, as the pressure was applied (using precision
compression springs) while the die was heated between 600-800oC for various times. It
was necessary to place disposable felt-like fibrous alumina paper on the surface of the
punches to prevent the carbonate phase (which becomes liquid during sintering) from
sticking to the punches. The sample was removed from the die after the sintering process
was complete, but before cooling the sample/die back to room temperature. As the die
shrinks during cooling, it exerted a damaging compressive force on the sample, thus it
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was necessary to remove the sample to avoid fracturing the sample during this cooling
process.
The application of pressure during sintering increases the driving force for the
sintering process. The pressing pressure, sintering temperature and time were optimized
in order to achieve the highest density while maintaining a fine microstructure.
Both sintering techniques use temperatures much lower than traditional GDC
sintering temperatures (1250-1550oC [51-53]). This is possible as the carbonate phase
becomes a viscous liquid above ~600oC, accelerating densification. Capillary forces
serve to bring the particles together and produce shrinkage. Mass transport of the ceramic
is slow at these low temperatures, restricting grain growth, and producing extremely fine
microstructures.
The density of the final sintered products were evaluated after sintering, using
three methods: Archimedes water immersion method (closed porosity), pore water
volume retention (open porosity) and geometrical measurements. All methods used
isopropanol instead of water, as carbonates are slightly soluble in water.
The presence of flaws was detected by visual and microscopic inspection.

4.3.2 Anode and Cathode Fabrication
The LT-SOFC cells being examined were all electrolyte supported, meaning that
the functional portion of the cell providing structural stability was the electrolyte. The
cathode and anode were deposited in thin layers on the surface of the electrolyte support
via paint coating. As these electrodes are not feasibly produced by this method in the
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Figure 4.4 - Uni-axial hot pressing apparatus

large quantities required for conduction and thermal expansion measurements, bulk
sintering methods were employed to mimic the final microstructural characteristics. The
bulk specimen sizes were ~6mm x 6mm x 16 mm for thermal expansion measurements,
~6mm x 6mm x 16 mm for conductivity measurements and 16 mm diameter pellet for
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density/surface area measurements (~5 mm thick). These samples were prepared using
pressureless sintering techniques described in this section.
Paint coating is a standard painting process using a fine-tipped paintbrush. The
prepared anode/cathode powders were placed in a colloidial solution with isopropanol
which acted as the slurry or „paint‟ for the brush. The thickness of the electrode is built
up to the desired level and then sintered to 400-700oC for varying times to tailor the
density of the electrodes to 50-70% theoretical [15]. The diameter of the cathode and
anode layers was controlled by masking a negative over the electrolyte substrate to
produce electrodes with 1 cm2 surface area. The thickness of the cathode layer was
measured using light sectioning microscopy and these results are produces in Section
5.1.6.
For conductivity and thermal expansion samples, the initial powder was mixed
with 5% PEG and uni-axially pressed to pressures of up to 50 MPa to simulate the low
green body packing densities of spray deposition. The sintering schedule was identical to
that of spray deposition; the sintering variable was the pressing pressure which was used
to tailor the density of the bulk sample to the spray deposited one.

4.4 X-Ray Diffraction
X-ray diffraction analysis was performed on calcined powders and sintered
samples to verify composition and determine the crystallite size. The x-ray
diffractometer was a Rigaku CN2005 Miniflex using an x-ray with a copper source and a
nickel filter, providing an incident CuK wavelength of 0.1542 nm. Samples were
scanned between a 2 angle of 20o and 80o at a scan rate of 2o/min. Powder samples were
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placed on a glass substrate and dispersed with isopropanol, whereas solid samples were
attached to a metal sample holder using a semi-solid putty. Phase identification was
performed by comparison to published diffraction data in the 1994 published
International Center for Diffraction Database.
The Rigaku CN2005 Miniflex has a detection error of +/- 1o, which was
acceptable for phase identification, while the crystallite size was measured using a
diffractometer with an error < 0.2o. It was necessary to use x-ray broadening to determine
crystallite size, as the nature of these ceramic-carbonate composites make the use of
standard high magnification imaging processes difficult to determine grain size. This
analysis was adequate, as the determined crystallite size was solely used as a comparison
indicator between fabrication techniques within this study.

4.4.1 X-Ray Line Broadening
The determination of the crystallite size in the samples was done using the
Scherrer equation [86]:

(4-2)

This equation takes the XRD peak width at half of its maximum height (B), the
Bragg angle ( B), the wavelength of the incident x-rays ( ) and the shape factor (K = 0.9
for spherical crystallites) to determine the crystallite size (t) of the material. This can be
easily derived from Bragg‟s law [86]. It works on the principal that small crystallites
(with only a few diffracting layers) will exhibit some constructive interference over a
range of angles about the Bragg angle. While the Bragg angle is the condition in which
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„complete‟ constructive interference is satisfied, „some‟ interference will be observed at
angles near the Bragg angle. This produces a „Gaussian‟ like distribution of interference,
centred about the Bragg angle. The relationship between the thickness of this peak and
the crystallite size comes about from the fact that when many diffraction layers are
present, there is a greater chance that the condition for deconstructive interference at
angles near the Bragg angle will be satisfied. This deconstructive interference effectively
produces a narrower peak in the diffraction data, generating the relationship between
crystallite size and width of the x-ray peak shown in the Scherrer equation.
There are some limitations of the Scherrer equation. First, there are multiple
sources that can contribute to peak broadening, such as instrument broadening (nonmonochromatic x-rays or detector precision), anisotropic lattice strain and broadening
that can occur due to a high density of defect structures. These effects tend to limit the
Scherrer equation to crystallites smaller than 1000Å, at which point these other effects
become too large of a contributor to peak broadening to attain an accurate determination
of crystallite size. It was assumed that these sources of error were negligible in this study
and it should be noted again that crystallite size was used solely as a comparison indicator
between fabrication techniques.

4.5 BET Surface Area Analysis
It has become well accepted that the number of sites available for the oxygen
reduction reaction at the cathode/electrolyte interface affects the catalytic performance of
the cathode [10]. These sites are often quantified as a length parameter, known as the
„triple phase boundary length‟ (TPBL), which is the length of the interface between
cathode, electrolyte and open pores (exposed to the oxygen supply). In cathodes with
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significant ionic conduction, such as cobaltites and composite cathodes, this TPBL is
spatially extended into the bulk of the cathode as the cathode itself can act as an ion sink,
eliminating the restriction of the third phase (electrolyte) for active catalyst sites. This
produces reaction sites that are no longer restricted to this triple phase boundary.
There have been various equations linking TPBL with charge transfer resistance,
and it is important to include this parameter in any system attempting to define these
losses. In the case of ionically conductive cathode materials, a relationship between
specific surface area of the cathode and performance has been found [11]. While specific
surface area does not directly measure the active area for catalysis, these parameters are
intimately linked. Specific surface area can be easily measured using BET nitrogen
adsorption analysis.
Prior to surface area measurements, the cathode material was lightly crushed to
allow for the sample to be placed in the glass sample container (the sample holder has a
small entrance of a few millimeters) and degassed with helium for 2 hours.
BET Surface Area Analysis utilises the principal of gas adsorption to measure the
surface area of a sample. By measuring the amount of gas adsorbed onto the surface (X)
of the sample at varying partial pressures of the adsorbing gas (P) (in this case nitrogen),
the maximum molar amount of mono-layer gas adsorption (Xm) can be determined:

(4-3)

where „P0‟ is the partial pressure of nitrogen at saturation and „C‟ is a constant
related to the adsorption energy of nitrogen. By plotting the left side of the equation
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versus the partial pressure ratio, „Xm‟ can be found as the inverse summation of the slope
(A) and the intercept (B) of the data set.

(4-4)

(4-5)
From Xm, the surface area (SA) can be found through simple geometrical
considerations:

(4-6)

where „A0‟ is the space occupied by an adsorbed molecule, „N0‟ is Avagadro‟s
constant, „M‟ is the molecular weight, and „w‟ is the sample weight.
The test station used was a Micrometrics Tristar 3000 BET Surface Area
Analyser. Samples were held at -195.8oC in a liquid nitrogen bath during analysis to
ensure proper mono-layer nitrogen adsorption, which occurs at gas condensation
temperatures. Nitrogen adsorption was measured at five different relative partial
pressures, varied between 0.05 and 0.30 (values for which equation (4-3) holds), using
helium as a gas-diluting agent. Final surface area results were calculated using TriStar
data collection and analysis software.
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4.6 Thermal Expansion Measurement
All electrolyte and cathode compositions for use in the LT-SOFC were fabricated
into the required geometry for thermal expansion testing as outlined in Section 4.3. A
Netzsch dilatometer was used to measure sample displacement as a function of
temperature. The thermal expansion was measured from room temperature to 550oC.
The results of these tests assisted in the selection of material systems which minimize
thermally induced interfacial stresses during thermal cycling.

4.7 Four Point Conductivity Testing
Four point conductivity testing was performed on cathode samples taking of the
approximate geometry shown here:

Figure 4.5 - Cross-sectional schematic of a four-point conductivity sample (Current collection surface
approx 30-35 mm2)

Silver paint was applied to the small adjacent ends of the rectangular bars,
adhering current-collecting silver wire electrodes to the sample. Two silver probes were
placed 8-10 mm apart between said electrodes to serve as voltage probes. Samples were
placed in a horizontal tube furnace and heated from 300oC to 600oC, with conductivity
measurements taken at 50oC intervals, as well as 575oC and 525oC to increase accuracy
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within the allotted operational temperature range. All sample measurements were taken
in an open-air environment.
Measurements were taken using an 8.5 digit Agilent digital multimeter which
provides a constant DC current through the sample, measuring the voltage drop between
the appropriate probes, ultimately deducing a resistance value for the sample.
Four point conductivity measurements are necessary so that the resistance of the
current-collecting wires can be eliminated from the measurement. The resistance of
metals increase with temperature, and at elevated temperatures, the resistance of the
wiring cannot be assumed to be negligible as is often the case in room temperature
measurements. In two-point conductivity measurement, the voltage difference is
measured between the two terminals on the multimeter to which the current-collecting
wires connect. This ultimately yields the resistance of the sample plus the resistance of
these wires. Four point conductivity takes advantage of the fact that voltage measurement
is a high-resistance measurement, and is not affected by the resistance of the voltage
probes. By physically connecting two voltage probes to the sample, the voltage drop is
measured directly across the sample, instead of across the terminals that the currentcollecting wires attach to, yielding the resistance of only the sample.

4.8 Single Cell Testing
Single function button cells (cathode-electrolyte-anode) were tested using a fuel
cell testing apparatus designed and assembled by the author. The design of the test
apparatus is similar to those reported in the literature [12,87] and commercial available8.

8

Fuel Cell Materials – Probostat (as an example)
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Single cell tests were performed to measure electrolyte conductivity and cathode catalytic
(activation) losses. A schematic of the testing chamber is given in Figure 4.6.
The SOFC samples to be tested were mounted on an alumina ring. The samples
were sealed to the ring using Ceramabond 668 from Aremco Products Inc. This sealant
consists of alumina and silica fibers which act as a gas diffusion barrier allowing for
minimal gas diffusion through the sealant. The sealant is applied as a paste and cured at
room temperature for one hour followed by five hours at 90oC. The sealant is guaranteed
by the manufacturer to leave behind no volatile organics after curing, and has a maximum
recommended operating temperature of 1370oC, far above that of the measurement
conditions. Both alumina and silica are highly resistant in oxidising, reducing, and acidic
environments at the required operational temperature making contamination from the
sealant extremely unlikely.
Four probes were used in data acquisition (two voltage probes and two current
collectors). The probes were made of platinum and were connected to a platinum mesh
with a 316 SS sponge on its surface, providing a highly porous yet conductive current
collector. Pneumatic pressure was applied to the current collecting sponge to ensure good
electrical contact.
A K-type thermocouple was positioned close to the sample to provide an accurate
measure of temperature. This apparatus was calibrated against a sample with a known
performance curve.
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Figure 4.6 - Fuel Cell Testing Apparatus
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The fuel a 5% hydrogen / 95% argon mixture with compressed tank air as the
oxidant. The hydrogen concentration was selected to be below the explosive
concentration. Gases were manifolded from compressed gas cylinders and flow
regulators through heat and oxidation resistant Inconel tubes through the heated zone and
to the surfaces of the fuel cell. The fuel flow was maintained at 40 mL/min (H2) to ensure
adequate supply of fuel to the anode side of the cell.
Electronic tests were performed during standard operation of the fuel cell. To
achieve this, the cell was loaded using an in-house designed variable resistor setup where
the load could be altered between 1

and 10k

as well as the special case of „open

circuit‟ conditions. Variable loading of the cell allowed for direct control of the current
density output of the cell.
Cathode catalytic losses and the conductivity of the electrolyte were measured
using the current interrupt method. This technique will be described in detail in the next
section.
A total of 15 single cells were produced for testing. All cells consisted of
pressureless sintered electrolyte with a composition9 of 70 wt% Ce0.9Gd0.1O2-

30 wt%

(0.67 Li2CO3 - 0.33 Na2CO3) with an anode composition of 60 wt% NiO / 40 wt%
Electrolyte. The variable in the fuel cell tests was the composition of the cathode.
Fifteen different cathode compositions were examined as outlined in Table 4.1.

9

This is later determined to be the optimal electrolyte composition of those investigated in this study
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Each cell was tested between 550 – 650oC at 25oC intervals. At each temperature
cells were tested at a minimum of 10 different current densities to produce suitable
statistical results.

4.9 Current Interrupt Method
The current interrupt method (CIM) was used to measure the electrolyte
conductivity and the overpotential losses of the cathode in situ. These tests were
performed on each of the 15 SOFCs fabricated under the same temperature and loading
conditions as the performance tests. Current interrupt measurements were performed
over two timescales (~0.25 s and ~0.60 s) under each experimental condition providing
more than 1500 independent current interrupt test results. Due to the volume of data
acquired and analysed, only a small sample of the data is included in Appendix VI with
summary charts and tables provided in the body of this study.
The experimental setup for the CIM is shown in Figure 4.6, the data acquisition
setup is shown here:

Figure 4.7 - Electronic configuration of CIM tests
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For current interrupt measurements, there are two separate circuits connected to
the SOFC being tested. The circuit on the right side of the fuel cell in Figure 4.7 draws
the current from the cell through a variable resistor (load) which allows for the SOFC to
be tested at multiple current densities. The current interruption event is triggered by a
solid state switch, and the voltage response (with respect to time) is measured by an
oscilloscope (PicoScope PS3000). All of this data was captured directly onto a laptop for
further analysis.

4.10 Light Sectioning Microscopy
An important parameter required in this study is the thickness of the cathode film
deposited on the electrolyte substrate. This value affects the measurement of the
conductivity of the cathode film, and the determination of the thickness of the diffusing
layer when modeling the mass transport losses. To measure the thickness of the cathode,
a Zeiss light sectioning microscope was used.
The principle of light sectioning microscopy is shown here:

Figure 4.8- Optical schematic for light sectioning microscopy [88]
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A lamp (Q) focuses a „line‟ of light (through Sp and O1) onto the sample being
analysed. The observation objective and optics (Ok, M, O2) are placed at 90 degrees to
the incident beam causing any relief in the surface of the sample to shift the „line of light‟
being viewed up and down based on the height of the sample (R). There is a micrometeradjustable reference grid contained within the optics which allow for measurements of
height to 1 m. Ten cathode thickness measurements were taken for each sample to
provide a good statistical average thickness of the cathode.
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5 Chapter 5 Results and Discussion
The „Results and Discussion‟ section is clearly organised into four sections to efficiently
examine the results of this study and discuss how they meet the four objectives of the
study. The four sections are:
-

Development of an Electrolyte Fabrication Method

-

The Effect of Carbonates on the Catalytic Performance of the Cathode

-

Composite Cathode Composition Optimisation

-

Performance Prediction

5.1 Development of an Electrolyte Fabrication Method
It is important when developing a manufacturing technique for the production of a
technology, that the final product is both high in quality and the manufacturing process is
cost-effective. The objective of this section was to examine two sintering processes (of
the electrolyte) with these considerations in mind: hot uni-axial pressing and pressureless
sintering (both explained in Sections 4.3.1).
Prior to the analysis of these sintering techniques, two forms of powder synthesis
were investigated : the modified glycine-nitrate process (GNP) and the oxalic acid
precipitation method (OAP) which were both described in Section 4.2.1. It is important
when developing a sintering process that a high quality powder is used.
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5.1.1 Synthesis Optimisation
GNP and OAP were both investigated for the production of the Gd doped ceria
electrolyte powder used in this study10. It has been identified that a fine grain structure in
the final electrolyte product is responsible for the high conductivity seen in LT-SOFCs
[5,9,49,50,60]. For this reason, the powder synthesis techniques examined were
optimised for small crystallite size. It was also necessary for powders to be crystalline,
and have no secondary phases. The GNP and OAP techniques are both cost-comparable
in terms of materials costs and manufacturing time, so this was not a factor in the
selection of the synthesis technique.
The GNP (or modified GNP process) uses both heavy metal nitrate and acetate
precursors solutions mixed in their stoichiometric ratios mixed with glycine. The solution
is heated and once the water from the solution has fully evaporated, the glycine in the
solution produces a jelly-like matrix that immobilises the heavy metal nitrates and
acetates. Further heating to the combustion point of glycine will cause a rapid
temperature increase that oxidises the heavy metals. The oxidation of nitrates is much
more violent than that of acetates, thus solutions with higher nitrate:acetate ratios will
have higher reaction temperatures and more rapid combustion, producing different
powder morphologies. As it is difficult to directly control the temperature and rate of
such a reaction directly, the nitrate:acetate ratio was used to indirectly influence the
reaction temperature and rate. The XRD results of the GNP synthesised powders are
shown in Figure 5.1.

10

It should be noted that this synthesis technique was used for producing the GDC in the electrolyte only.
The carbonates in the composite electrolyte were added at a later point in the fabrication process.
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Figure 5.1 - XRD results of GDC produced by the modified glycine nitrate process (O – location of
expected GDC peaks) (% are in mol %)

It is clear from the examination of the XRD data that no unidentified peaks are
present which implies that there is no secondary crystalline phase present above the
detection limit of the XRD (< 0.2 vol %)11.
The OAP method does not produce a crystalline Gd doped ceria phase during the
synthesis technique. The substitution reaction that occurs during this technique (equation
(4-1)) produces a heavy metal oxalate precipitate. This precipitate must be filtered and
subsequently heat treated to promote the decomposition of the oxalate into an oxide. This

11

XRD cannot completely rule out the presence of a second phase, as this second phase could share peak
locations or be an amorphous phase. However, this is typically an unlikely scenario.
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heat treatment was varied from 200oC to 400oC (at 1 hour) and the resultant powder was
shown to have no evidence of a secondary phase (Figure 5.2).

Figure 5.2 - XRD results for OAP method synthesised GDC heat treated at various temperatures for
1 hour. (O – location of expected GDC peaks)

The XRD data was analysed for peak broadening (Section 4.4.1) to determine the
crystallite size of the powders (Figure 5.3). The Scherrer formula (equation (4-2)) was
applied to the four major XRD peaks for GDC (28.5o, 33.0o, 47.5o, 56.3o) and the result
was averaged with the standard deviation shown.
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Figure 5.3- Comparison of the crystallite size of GDC produced by the OAP method and the modified
GNP (% are in mol %)

Table 5.1 - Crystallite size of GDC produced by the OAP method and the modified GNP

Synthesis Technique
Modified Glycine Nitrate Process

Oxalic Acid Precipitation

20 mol % Nitrate
40 mol % Nitrate
60 mol % Nitrate
80 mol % Nitrate
100 mol % Nitrate
200oC (1hour)
300oC (1hour)
400oC (1hour)

Crystallite Size
(Angstoms)
70.0 +/- 6.7
62.8 +/- 4.2
44.8 +/- 3.5
132.5 +/- 5.2
105.0 +/- 6.5
32.3 +/- 2.9
41.8 +/- 3.4
64.8 +/- 6.2

Broadening effects of the instrumentation was assumed to be negligible (typical
assumption), and the strain in the lattice was assumed to be zero. It should be noted that
this x-ray broadening technique is best used as a comparison indicator between two
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similar samples, and the values of crystallite size should only considered the „true‟ size
after verification using a secondary technique. SEM micrographs of the powder were
taken, however the resolution of the instrumentation and the agglomeration of the powder
made it impossible to identify the particle size using this technique. Particle size analysis
(light scattering) was performed on the powders to confirm that agglomerate sizes of the
powder were less than one micron. However, for fine powders, agglomeration is difficult
to avoid, and thus the resulting particle size measurements using this technique are not
indicative of the true „crystallite‟ size of the powder.
The crystallite size results summarised in Figure 5.3 generally show the trend that
was expected. For the OAP method, higher heat treatment temperatures led to larger
crystallite sizes. For the modified GNP, it was expected that, since the oxidation of
nitrates is a more violent and exothermic than the oxidation of acetates, higher nitrate
concentrations would lead to larger crystallite sizes. This is seen somewhat in Figure 5.3
with the 100% and 80% nitrate solutions producing notably larger crystallite sizes than
those from the 20-60% solutions. However, the nature of a combustion reaction makes
the GNP a very difficult process to control and it is assumed that this is the reason for this
trend not being as strong as expected.
The conclusion of this analysis was that the OAP method was superior to the
modified GNP process. The major reason was that the OAP method generally produces
crystallites finer in size when compared to the GNP process, and that the conditions of the
OAP method were much simpler to control. Heat treatment of the OAP method was
initially selected to be 200oC for one hour to minimise crystallite growth, however, it was
later found that when producing large batches of powder (more than a few grams), the
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oxalates did not fully decompose due to poor oxygen circulation through the powder. In
order to avoid this problem, the heat treatment temperature was raised to 400oC. While
this treatment temperature does produce crystallites slightly larger than certain modified
GNP conditions, it was argued that the controllability of the synthesis technique still
made the OAP method a more favorable synthesis process.

5.1.2 Fabrication Optimisation
Two sintering techniques were investigated for the production of the electrolyte
substrate: hot uni-axial pressing and pressureless sintering. Both of these techniques were
evaluated for the quality of the final electrolyte (density, crystallite size and presence of
flaws), reproducibility and cost of manufacture. The nature of the electrolyte requires
that it provides a gas diffusion barrier between the anode and the cathode. To ensure this
is met, the density must be greater than 95% and the electrolyte must be free of flaws. It
is also important to minimise the crystallite size of the electrolyte to ensure enhanced
conductivity. Currently, the only method investigated in literature for the production of
LT-SOFCs is the expensive hot-pressing technique. It is for this reason that the more
cost-effective pressureless sintering technique was also examined. To the knowledge of
the author of this study, pressureless sintering of LT-SOFC electrolytes has not been
successfully performed.

5.1.3 Uni-axial Hot Pressing
There are four sintering parameters that affect the final density of the sintered
electrolyte (given that the powder morphology remains unchanged) in uni-axial hot
pressing: sintering temperature, sintering time, composition and pressure. This study took

111

the direction of first trying to identify the parameters required to produce a fully sintered
electrolyte (< 5% porosity) while minimising sintering time and temperature (to maintain
a fine grain structure). Once these sintering parameters were determined, conditions were
slightly modified to eliminate flaws (cracks) and improve repeatability. It should be
noted that the optimisation of sintering parameters was performed without the fibrous
alumina paper protecting the punches (as shown in Figure 4.4). This paper was added
afterwards to improve the reproducibility of the system, and will be discussed later in this
section.
5.1.3.1 Densification Optimisation
The first sintering parameters that were determined were sintering temperature and
the magnitude of the uni-axial pressure. The initial electrolyte composition fabricated
was a 30 wt% carbonates – 70 wt% GDC composite, and the sintering time was selected
to be 3 hours12. The pressure was varied between 1 and 3 MPa (load of the two available
compression springs at their recommended deflection), and the temperature was varied
between 550oC and 800oC:

12

Composition and sintering time were selected as these based on success in preliminary experimental
work.
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Figure 5.4 - Porosity of 30 wt% carbonate - 70 wt% GDC electrolyte, uni-axially hot pressed at
varying pressures and temperatures for 3 hours

The data shown in Figure 5.4 indicates that a load of 3 MPa and a sintering
temperature of 800oC is the only combination of these parameters that produces a
sufficiently dense (95.4%) electrolyte. However, it was surmised that the densities of the
700oC and 750oC at 3 MPa (88.8% and 92.3% respectively) could be improved with an
increase in sintering time. Further sintering experiments were done using 12 hours as the
sintering time to test this theory:
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Figure 5.5 - Porosity of 30 wt% carbonate - 70 wt% GDC electrolyte, uni-axially hot pressed at 3MPa
of pressure at varying temperatures for 3 and 12 hours

Examination of Figure 5.5 makes it very apparent that an increase in sintering time
has little effect on the densification of the electrolyte. This is expected, as the dominant
mechanism of densification in the electrolyte is viscous sintering, not mass transport of
the bulk material as in traditional ceramic sintering. As the carbonate phase in the
electrolyte composite becomes liquid during sintering, the viscous flow of this phase does
not require extended periods of time to minimise the energy level of the system (minimise
vapour/solid interface area).
The final sintering parameter that was investigated was the composition of the
composite electrolyte, and in particular the amount of carbonate in the composite. It was
expected that more carbonate phase would lead to improved densification of the
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electrolyte as there would be a higher volume fraction of liquid phase during the sintering
process. The level of carbonate in the electrolyte was 20, 30, 40 and 50 wt%. The
density of the 20 wt% carbonate sample densified to 65.8% theoretical density compared
to 95.4% for the 30 wt% sample. The samples containing 40 and 50 wt% carbonate were
not in an acceptable condition after sintering, and the densities of these samples could not
be determined. The amount of liquid carbonate phase in these compositions was
sufficiently high during sintering that the capillary forces acting on the liquid phase were
insufficient to contain the liquid, and it „leaked‟ out of the sample. This resulted in two
problems: an unknown concentration of carbonates in the final product, and the final
product was mechanically weak. Thus, the initially determined carbonate concentration
of 30 wt% was determined to be the optimal one.
5.1.3.2 Elimination of Flaws and Reliability Concerns
The electrolyte samples produced to this point using uni-axial hot pressing
attained sufficient density for use in LT-SOFCs. However, samples were prone to
cracking (both macroscopic and microscopic). The presence of these types of flaws under
operating conditions is unacceptable, as they compromise the ability of the electrolyte to
maintain a gas diffusion barrier between the anode and the cathode. The schematic of the
uniaxial hot-pressing technique Figure 4.4 and the experimental procedure described in
Section 4.3.1 was the result of the experimental iteration, and the progression to that point
will be discussed in this section.
Initially, the electrolyte powder was placed within an alumina die and the punches
were loaded with precision compression springs. This system was heated up to the
sintering temperature and upon completion of sintering, the pressure on the punches was
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removed and the system was cooled to room temperature at a rate of 3oC/min. At this
point, the sample was removed from the die for testing. In this configuration, two
problems persisted: the electrolyte would fracture during the cooling process, and/or it
would stick to the punches, often causing the sample to be damaged when removing it
from the punch. It was surmised that the cause of the fracture was due to the shrinking of
the alumina die during the cooling process. The alumina die would shrink radially faster
than the sample, causing the die to exert a compression force on the sample, causing it to
fail. This problem was partially solved by removing the sample from the die after the
sintering process is complete, but before cooling began. Further reduction in the
periodicity of cracking was achieved by decreasing the cooling rate of the sample from
3oC/min to 1oC/min. The electrolyte is not only a composite material, but one that
undergoes a partial phase change (liquid to solid phase change of the carbonates), thus
producing inconsistent thermal expansion of the multiple phases and causing failure.
To eliminate the sample sticking to the punches, two techniques were employed.
First, course zirconia powder was placed in the die between the carbonates and the
punches. The idea was that the sample would slightly stick to the zirconia instead of the
punch, and that it could be ground off after sintering. This technique was successful in
stopping the sample from sticking to the punch, however, the zirconia powder decreased
the lifetime of the alumina die as it would get caught between the punch and the die,
causing the punches to get jammed in the die. The large forces required to extract the
sample would periodically fracture the die, making this solution unacceptable.
The second technique used was to place a piece of felt-like fibrous alumina paper
between the electrolyte powder and the punches during sintering. While the samples
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often stuck to the paper during the sintering process, it eliminated the samples sticking to
the punches, and the paper could be easily peeled off of the samples. A small amount of
grinding was required to remove residual alumina paper from the sample.
Even in the wake of all of this process optimisation, the electrolyte samples were
still occasionally prone to fracture and often exhibited micro-cracks which compromised
the functionality of the electrolyte. This furthers the need for a more reliable method for
production of these electrolytes, which is the reason that pressureless sintering was
investigated.

5.1.4 Pressureless Sintering
Pressureless sintering is a very cost-effective form of sintering compared to other
sintering processes like hot-pressing. Pressureless sintering differs from hot-pressing in
that the powder being sintered is pressed into a compact prior to putting it into a furnace,
whereas hot pressing involves pressing the powder into a compact during heating.
Pressureless sintering uses standard pressing equipment and furnaces making it a very
scalable and easily automated process. To date, all LT-SOFC electrolytes have been
fabricated using more expensive hot-pressing techniques. The development of a
pressureless sintering method for the fabrication of LT-SOFC electrolytes would move
this genre of SOFCs much closer to mass production.
The parameters that affect the final density of a sample during pressureless
sintering (given constant powder morphology and assuming the use of a standard
atmosphere furnace) are: carbonate composition, sintering temperature, sintering time and
pressing pressure. To a certain degree, organic additives (lubricants, binders, etc.) can
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improve the final densification, however, for this study, the versatile polyethylene glycol
(PEG) was used at 5 wt% as a binder/lubricant. This value was held constant across the
study. From previous experimentation with sintering times during uni-axial hot-pressing,
it was determined that sintering time plays a small role in the densification of these
composite electrolytes, and a sintering time of one hour was selected as the optimum
sintering time. A sintering time of 3 hours was attempted for a few samples with no
notable increase in density.
The three parameters that were optimised to improve the density of the electrolyte
were thus carbonate composition, sintering temperature and pressing pressure. The study
began by examining 30 wt% carbonates in the composite electrolyte as this was the
successful composition from the uni-axial hot pressing analysis. Sintering was attempted
at 600oC, 700oC and 800oC, varying the pressing pressure to 25, 55, 105 and 210 MPa.
The results of the densification study are given in Figure 5.6, with the target porosity of
5% indicated by the dashed line.
The target porosity was achieved for the sample sintered at 800oC and cold
pressed at 55 MPa (2.8%). It should also be noted that samples cold pressed at pressures
above 55 MPa exhibited cracking after the sintering stage. This lends to the conclusion
that if the pressing pressure is too high, it will introduce too high strain energy in the
compacts causing the formation of small cracks which enlarge during the sintering
process.
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Figure 5.6 - Porosity of 30 wt% carbonate - 70 wt% GDC electrolyte, cold pressed at various
pressures and pressureless sintered at three different temperatures for 1 hour

The data also suggests that if the pressing pressure is too low, densification does
not occur to the same degree. The most likely reason for this is that the packing density
of the compact prior to sintering is simple not sufficient to allow for efficient viscous
sintering. If the pore sizes prior to sintering are too large, the capillary forces that drive
viscous sintering will be significantly diminished, as can be seen by examination of
equation (2-39) in the literature review.
A similar study was attempted with 20 wt % carbonate in the electrolyte (Figure
5.7). Similar trends were found, but for any given condition, the density was slightly
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lower than the 30 wt% carbonate system. This is to be expected as there is less liquid to
assist in the viscous sintering processes.

Figure 5.7 - Porosity of 20 wt% carbonate - 80 wt% GDC electrolyte, cold pressed at various
pressures and pressureless sintered at varying temperatures for 1 hour

The target porosity was again achieved for samples sintered at 800oC and cold
pressed at 55 MPa (3.8%). Cracking was again exhibited for samples cold pressed above
55 MPa perhaps explaining the decreasing density with an increase in pressing pressure.
The quality of samples produced via pressureless sintering that surpassed the
targeted porosity was much higher than those produced through uni-axial hot pressing.
The pressureless sintered samples rarely cracked during the sintering process (~95%
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samples crack free) compared to the low success rates of uni-axial hot pressing (~10%
samples crack free). Pressureless sintering was also favoured as the sintered samples did
not require any surface grinding after sintering and the fact that multiple samples could be
sintered simultaneously. Uni-axial hot pressing required the grinding off of residual
alumina fibers and only one sample could be loaded into the die at a time. For these
reasons, as well as the better densities obtained from similar sintering temperatures, it was
concluded that pressureless sintering provided higher quality samples from a purely
geometrical13 point of view. The next step in the experimental process was to evaluate an
important artifact of the sintering process (crystallite size) which has been associated with
the conductivity of the electrolyte.

5.1.5 Crystallite Size Comparison
While a high density, flaw free electrolyte that can be consistently produced is an
indication of a good manufacturing method, it is also important to compare the properties
of the produced samples that dictate performance. This property for the case of this study
is the average crystallite size of the sample. It is common in sintered samples to use the
term „grain size‟ in lieu of „crystallite size‟, which is a more common term when
describing powders. However, the use of the term „crystallite size‟ will be used in this
study to maintain consistency and avoid confusion.
As mentioned in the literature review and experimental sections of this study, the
surfaces of the electrolyte samples in this study could not be polished using standard
metallographic processes. The mechanically soft carbonate phase caused the harder GDC

13

„good geometrical quality‟ is high density, flaw free and a low frequency of cracked samples when
sintering is repeated
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phase to be pulled out during physical grinding or polishing. Chemical etching was also
difficult due to the solubility of carbonates in water. This is consistent with the absence
of metallographically prepared samples in literature. For this reason, it was necessary to
use a non-visual technique in determining the average crystallite size of the sintered
samples. The XRD peak broadening technique used to determine the crystallite size of
the synthesised GDC powders was the most appropriate choice. This would allow for a
direct comparison of the crystallite size evolution from synthesis through sintering. The
one limitation to XRD peak broadening analysis is the suggested upper limit of 1000Å
(0.1 m). For crystallite size determination in this region, the peak broadening exhibited
by the x-ray diffraction device itself becomes a significant portion of the total broadening.
This introduces error that makes this analysis inappropriate for direct quantification of
crystallite size. However, it still does have merit as a comparison technique. As will be
seen shortly, the crystallite sizes measured approached 3000Å, so it should be noted that
the stated crystallite sizes should not be taken as the true crystallite size of the material.
Diffraction data was taken using high resolution XRD (< 0.2 % detection limit)
for the sintered samples that were pressureless sintered at 600oC, 700oC and 800oC
(pressed at 55 MPa), one sample that was uni-axially hot pressed at 800oC (3MPa load),
and the pre-sintered electrolyte powder (for reference). The data shown in Figure 5.8 is
only shown up to 50o to emphasise the difference in peak width between the different
samples (larger peak width indicates smaller crystallite size).
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Figure 5.8- Sintered Electrolyte XRD Data (O – expected location of GDC peaks)

One very important absence from the diffraction data that should be noted is that
there is no evidence of the carbonate phases. Both lithium carbonate and sodium
carbonate should exhibit several diffraction peaks that are different than those observed
for Gd doped ceria (GDC). This implies that the carbonate phases are highly amorphous
and have no regular crystalline structure. This amorphous nature is a potential
explanation for the high ionic conductivity measured in carbonate containing GDC
electrolytes. The prevalent proposed diffusion mechanism for protonic conduction in the
carbonate phase in literature is the „paddle wheel‟ mechanism, which requires unbonded
carbonate groups to propagate conduction. The more amorphous the carbonates, the
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higher the density of these unbonded carbonate groups, which should lead to higher
conduction given this proposed mechanism.
Figure 5.9 shows the change of crystallite size as a function of sintering
temperature. It should be noted that since the carbonate phase is amorphous, the Scherrer
formula can only be used to track the crystallite size of the GDC phase in the electrolyte.

Figure 5.9 - Crystallite size of sintered electrolyte samples (pressureless sintering unless specified)

The expected trend in increasing crystallite size with increasing sintering
temperature was observed for the pressureless sintered samples. The interesting result is
the difference in crystallite size between the uni-axially hot pressed sample at 800oC and
the crystallite size of the samples sintered pressurelessly at 800oC. The most likely
reason for this smaller observed crystallite size is that external pressure applied during
sintering restricts grain growth. This large difference in crystallite size between the hot124

pressed and pressureless sintered samples (80.2 nm compared to 308.1 nm) is expected to
have a significant effect on the conductivity of the electrolyte. This extent of this will be
examined in the next section.
SEM micrographs of fracture surfaces of the sample were taken to attempt to
confirm the results from the XRD broadening. Figure 5.10 shows the fracture surface of
the uni-axially hot pressed electrolyte sintered at 800oC, and Figure 5.11 shows the
fracture surface for the electrolyte that was pressureless sintered at 800oC.
While it is not recommended to evaluate grain size based on a fracture surface, an
approximately evaluation can be made. It is clear from these micrographs that the grain
size of both is sub-micron, and the grain size of the hot-pressed electrolyte is distinctly
smaller.

5.1.6 Electrolyte Conductivity Analysis
The conductivity of the electrolyte could not be measured using standard
measurement techniques. In order to reproduce the conditions experienced by the
electrolyte while in operation in a LT-SOFC, the electrolyte would have to be exposed to
a hydrogen containing atmosphere on one surface and an oxygen containing atmosphere
on the opposite surface. Simulating a dual-gas environment is difficult using standard
four point conductivity equipment. For this reason, it was more prudent to measure the
conductivity of the electrolyte under standard operating conditions of a LT-SOFC. Thus,
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Figure 5.10 - Fracture surface of Ce0.9Gd0.1O2 electrolyte containing 30 wt% carbonates uni-axially
hot pressed at 800oC
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Figure 5.11- Fracture surface of Ce0.9Gd0.1O2 electrolyte containing 30 wt% carbonates pressureless sintered at
800oC
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cathode and anode were applied to the two electrolyte surfaces and the sample was placed
in the fuel cell performance testing apparatus shown in Figure 4.6.
The test performed to determine the conductivity was the current interrupt method
(CIM), described in Section 2.11.2 and 4.9. In short, by interrupting the current in an
operating fuel cell and measuring the voltage response, the initial jump in voltage is the
potential drop due to the ohmic losses within the cell.
These ohmic losses are the losses of the cathode, anode and electrolyte combined.
Since the goal of this section is to determine the conductivity of the electrolyte, it is
necessary to remove the ohmic contribution of the cathode and anode to isolate the ohmic
losses (or conductivity) of the electrolyte. To remove the contribution from the cathode,
the conductivity of various cathode compositions were measured using the four point
conductivity method. This analysis and results are presented in a later section (Section
5.3.2). The contribution from the anode was assumed to be negligible. The conductivity
of the anode is conventionally orders of magnitude larger than that of the cathode and the
electrolyte, since in-situ the nickel oxide phase is reduced to metallic nickel which has
very high electrical conductivity.
Current interrupt measurements were performed on 15 different samples to
determine the ohmic losses of the electrolyte. The electrolyte sintering parameters were
selected based on the results of the densification optimisation analysis of previous
sections. Electrolyte samples were pressureless sintered at 800oC for 1 hour having been
cold pressed at 55 MPa, with a composition of 30 wt% carbonates – 70wt% GDC. Each
of the 15 electrolyte samples had a cathode with a different composition, which was
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necessary for cathode activity analysis in later sections. The conductivity of the
electrolyte is independent of the composition of the cathode, so the data from all 15
electrolyte samples could be directly compared. Conductivity was measured at 550oC,
575oC, 600oC, 625oC and 650oC under 10 different loading conditions at each
temperature to ensure a good statistical average.
For reference, the 15 compositions of the composite cathode are : (100-y wt %)
Gd1-xSrxCoO3 – (y wt %) electrolyte where x=0.1, 0.2, 0.3 and y=10, 20, 30, 40, 50.
The procedure in the upcoming section is discussed in detail for the first
electrolyte sample (x=0.1, y=10) at the first operating temperature (550oC). Appendix VI
contains the summary data for cell conductivity for all 15 samples.
For the first cathode composition, operating at 550oC the response of the LTSOFC (at 5.5 mA/cm2 current density) was:

Figure 5.12 – Current interrupt response of LT-SOFC operating at 550oC and 5.5 mA/cm2 current
density with a (90 wt % Gd0.9Sr0.1CoO3 – 10 wt % Electrolyte) cathode
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The difficulty in extracting conductivity results from this data is because there are
three independent time dependant phenomenon that affect the voltage response after a
current interrupt event. These responses must be identified and separated from each other
in order to determine their respective values. Without repeating too much of the
explanation of this given previously in the literature review (Section 2.11), these
responses are: the ohmic response of the cell, the catalytic (activation) loss of the cathode,
and the mass transport (or diffusion) loss. This section will explain how the ohmic loss
was isolated.
The ohmic response is an instantaneous response to the interruption of current.
This can be identified by the large change in voltage across the cell seen immediately
after the current interruption event in Figure 5.12. While in theory, this response is
instantaneous and should result in a voltage step between data points, it is clear from
Figure 5.12 that this response does not occur over an infinitely small period of time. The
reason for this is that the solid state switch has a response time of approximately 2-3 ms,
during which, the ohmic discharge will in practice produce a „S‟ shaped curve which is
analogous to a „cumulative distribution function‟, whose time derivative becomes a
Gaussian distribution as shown in Figure 5.13
Figure 5.13 shows the response time of the switch with the voltage measured
across a resistor (in series with another resistor to simulate approximate voltage range of
tests) powered by a 5V power supply. The characteristic shape of this curve allowed for
identification of the ohmic response of the fuel cell.
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Figure 5.13 - Voltage response of the solid state switch used in this study

Applying the time derivative of the voltage response in Figure 5.12 produces:

Figure 5.14 - Derivative of the voltage response from Figure 5.12
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By identifying the time at which the current interrupt event begins, and the time at
which the derivative of the voltage response reaches its maximum, the „half way point‟ of
the current interruption event was determined. Doubling this time results in the
identification of the time at which current interruption is complete. Knowing the voltage
measured at this point and the voltage prior to the current interruption event, the
difference between the two is the voltage response due to the ohmic resistance of the
entire cell. It should be noted here that during the last ~10% of this interrupt event, the
effects of the other system responses skew the final portion of the Gaussian like
derivative of the voltage response. This is the reason the „half time‟ of current
interruption was used as identification of the completion point.
As the interrupt event occurs over a scale larger than is typically found in
literature [8,72,73], it was necessary to examine if this experimental procedure could
accurately separate the ohmic and cathode overpotential losses. To do this, the values of
the equivalent circuit (RBULK, RCT, CCDL, VREV) obtained through this experimental
procedure were modeled using an equivalent circuit as shown in Figure 2.22. This circuit
simulated a SOFC with known values, so after current interrupt analysis was performed
on this circuit, the deviation between the known values and the ones determined through
experimentation yielded the approximate error introduced by the transient nature of the
interrupt event. The error was found to be ~1-2%, depending on the parameter examined.
The full analysis of this validation procedure can be found in Appendix VIII. It was
concluded that the induced error was well within statistical limits, and not a cause for
concern.
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Current interrupt experiments were conducted for each sample at 10 independent
current densities at each operating temperature. The remaining results for the 90wt%
Gd0.9Sr0.1Co3O – 10wt% Electrolyte sample operating at 550oC are given in Figure 5.15
through Figure 5.23. Notice that at the lower current densities, instrumentation resolution
makes determining the peak of the voltage time derivative difficult. In these cases, visual
identification was used to locate the ohmic/overpotential transition point, or else these
points were omitted from the conductivity determination.
The magnitudes of the ohmic voltage responses were plotted as a function of
current density (Figure 5.24). The slope of the resulting plot produces the resistance of
the electrolyte at the given operational temperature.
This gives the resistance of the cell to be 18.4

however, in order to determine

the electrolyte resistance, it is necessary to remove the portion of the ohmic resistance
which is due to the cathode. In order to do this, the conductivity and thickness of the
cathode must be known. The conductivities of the cathode systems are presented in
Section 5.3.2, and the thicknesses of the cathodes for the 15 samples are given in Table
5.2.
Table 5.2 - Cathode thickness of 15 cathode compositions

Electrolyte wt%
10
20
30
40
50

Thickness ( m)
Sr = 20%
45.4
124.1
29.2
35.5
71.8

Sr = 10%
30.5
66.8
25.3
22.6
49.4
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Sr = 30%
68.0
64.7
41.3
37.9
130.1

Figure 5.15 - Current interrupt response of sample at 0.48 mA/cm2

Figure 5.16 - Current interrupt response of sample at 0.91 mA/cm2
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Figure 5.17 – Current interrupt response of sample at 1.41 mA/cm2

Figure 5.18 - Current interrupt response of sample at 1.96 mA/cm2
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Figure 5.19 - Current interrupt response of sample at 2.44 mA/cm2

Figure 5.20 - Current interrupt response of sample at 2.95 mA/cm2
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Figure 5.21 - Current interrupt response of sample at 3.48 mA/cm2

Figure 5.22 - Current interrupt response of sample at 4.07 mA/cm2
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Figure 5.23 - Current interrupt response of sample at 4.67 mA/cm2

Figure 5.24 - Ohmic loss of LT-SOFC operating at 550oC at various current densities
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The thickness of the cathode in the sample analysis is 30.5 m, and the resistance
of this cathode14 is 4.49 x 10-4

. Knowing this, along with the active surface area of the

cell (1 cm2) and the thickness of the electrolyte (0.275 cm), the conductivity of the cell
was 1.49 x 10-2 S/cm. This procedure was repeated at 575oC, 600oC, 625oC and 650oC
for this sample, and then subsequently repeated for the remaining 14 samples. All of this
data (in the form similar to Figure 5.24) is presented in Appendix VI. The result of all of
these data is a statistical determination of electrolyte conductivity over the temperature
range so that it can now be compared to literature data for uni-axially hot pressed LTSOFC electrolytes and monolithic GDC [4]:

Figure 5.25 – Comparison of conductivities of pressureless sintered electrolytes in this study to
literature data for competing SOFC electrolytes (Zhu [4] , Steele [19,18])
14

Again, this is from data that will be presented and discussed in a later section
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The data shows the pressureless sintered carbonate containing GDC electrolyte
samples exhibiting conductivities comparable to the higher end IT-SOFC monolithic
gadolinium doped-ceria data, but lower than uni-axially hot pressed samples of similar
composition. The decrease in conductivity is attributed to an increase in crystallite size
which effectively decreases the concentration of grain and phase boundaries along which
conduction is theorised to take place. It is important to note that the pressureless sintering
technique maintains a conductivity similar to those of traditional (high performance) ITSOFC electrolytes. This has two direct benefits. First, as IT-SOFC electrolytes
(monolithic GDC) are a well-studied and optimised system compared to these novel
pressureless sintered LT-SOFC electrolytes being examined in this study, there is more
room for improvement in the conductivity by enhancing microstructural control of the
electrolyte in future work. This indicates the potential for superior conductivity. Second,
this allows for a better comparison of cathode performance on these LT-SOFC
electrolytes and IT-SOFC electrolytes by having comparable electrolyte conductivities.
To the knowledge of the author, no other GDC based LT-SOFC electrolyte produced via
pressureless sintering has produced electrolyte conductivities of this magnitude.
The correlation between the crystallite size and conductivity of the electrolyte
supports the theory that protonic conduction in the system is accelerated by carbonateceria phase boundaries. The finer the crystallite size, the higher the density of these phase
boundaries, giving rise to higher conductivity.
The higher conductivities and finer crystallite size are the distinct advantage of
uni-axial hot-pressing over pressureless sintering. The quality of the pressureless sintered
samples and the more efficient and cost-effective manufacturing processes involved made
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this manufacturing method the preferred method of this study. It is also a novel
manufacturing process for LT-SOFC electrolytes that has the potential to displace current
expensive uni-axial hot-pressing methods. This data also indicates the potential for these
LT-SOFC electrolytes developed in this study for use in IT-SOFC systems considering
the comparability between their conductivities and those reported by Steele. The catalytic
benefits that this electrolyte system has on traditional cathode systems (described in detail
in later sections) have the potential to increase the power density of IT-SOFC systems.

5.2 The Effect of Carbonates on the Catalytic Performance of the
Cathode
One of the main objectives of this study was to determine if dual-conduction
(protonic and oxygen ionic) in the electrolyte due to the presence of carbonates will
decrease the overpotential losses of the cathode. As mentioned many times throughout
this study, the performance of typical cathodes in IT-SOFCs would indicate that these
cathodes could not perform at the temperatures required of LT-SOFCs. However, the
cathodes have performed successfully at these low temperatures which indicate that the
LT-SOFC electrolyte must play some role in decreasing the catalytic losses of these
cathodes.
In this section, new results on the catalytic performance of cathodes on carbonate
containing electrolytes will be presented. These are the first results of this nature and
serve to illustrate the role that carbonates play in the performance of cathodes in LTSOFCs.
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5.2.1 Catalytic Performance of the Cathodes
The catalytic performance of the cathodes was obtained from current interrupt
data carried out on the full cells in situ. These are the same tests used to determine the
conductivity of the electrolyte. However, further analysis is required to obtain the
catalytic losses of the cathode.
Fifteen compositions of the composite cathode were analysed: (100-y wt %) Gd1xSrxCoO3

– (y wt %) Electrolyte where x=0.10, 0.20, 0.30 and y=10, 20, 30, 40, 50.

However, for simplicity, the procedure in the upcoming section will be discussed
in detail for the first cathode sample (x=0.10, y=10) at the first operating temperature
(550oC). This is the same sample that was used in Section 5.1.6 where the procedure for
extracting the electrolyte conductivity of the sample was explained in detail. Appendix
VII contains additional raw data for the rest of the operating temperatures for this sample
and the remaining 14 others.
Current interrupt data for an in situ SOFC has three voltage responses and in order
to extract the cathode catalytic loss voltage response, the other two voltage responses
(ohmic and diffusion losses) must be identified and removed. The procedure for
extracting the ohmic voltage response was outlined in Section 5.1.6 and specifically, this
response for the sample currently of interest (90 wt % Gd0.9Sr0.1CoO3 – 10 wt %
Electrolyte) was shown in Figure 5.14. Once the voltage response due to ohmic
resistance was identified, the response was removed from the data, making the voltage at
the completion of the interrupt event to be taken as a reference voltage of zero, and the
time of completion to be taken as a reference time of zero. The final two transient voltage
responses (cathode catalytic losses and mass transport losses) were assumed to initiate at
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this point and occur simultaneously. The current interrupt data for this sample with the
ohmic voltage response removed is given here:

Figure 5.26 - Current interrupt response of the LT-SOFC cell operating at 550oC and a current
density of 5.5mA with a (90 wt % Gd0.9Sr0.1CoO3 – 10 wt % Electrolyte) cathode and the ohmic
voltage response removed

Literature has shown the voltage response of the cathode catalytic losses occurs
over a timescale of approximately 20-100 ms after the ohmic response [8,72,73], whereas
the diffusion response can occur over several seconds [72], depending on the physical
nature of the cathode. For this reason, it is often simple to visually identify the regions of
the voltage response that these effects dominate. This allows for separation of the
voltage response of these two effects in a very approximate manner which is typically
suitable in most analyses. Examining Figure 5.26, and knowing that the voltage response
due to the cathode catalytic losses occurs ends approximately 20-100 ms after the ohmic
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response15, there is an obvious „inflection point‟ (Figure 5.27) in the measured voltage at
approximately 25 ms. It could be assumed that the response prior to this is dominated by
cathode catalytic losses, providing a loss of ~0.15V.

Figure 5.27 - Approximation of catalytic losses using visual identification

While this technique provides a rough approximation, it is far from a detailed
analysis of the system. To obtain a more accurate value of the cathode catalytic losses, it
was more prudent to mathematically model the transient voltage response of the system16.

15

Also being familiar with that the traditional shape of an RC discharge voltage response
It is extremely important to note at this point that the interest of this study is on the cathode catalytic
losses in the cell, and not the losses due to mass transport (diffusion). While we are taking our analysis
further than researchers who simply visually separate these voltage responses by modeling the system
mathematically, this study will attempt to simplify the system without compromising the accuracy of the
model to any great extent. The model used will be described in detail, however, it was purely used to assist
in the identification of the cathode catalytic losses and not to analyse the diffusion that occurs throughout
the cathode in immense detail.
16
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Examining the equivalent circuit in Figure 2.22, and assuming that the CPE acts as
a „near‟ ideal capacitor, the voltage response across the RC circuit was given by equation
(2-40) which is reproduced here:

(5-1)

The current (I) prior to the interrupt event was known, giving RCT and CCDL as
modeling variables. The determination of the voltage response due to mass transport
(diffusion) losses (the cause of this response is discussed in detail in Section 2.11.3) was a
little more complex. It required that Fick‟s diffusion laws were solved given the
appropriate boundary conditions, and then the solution was applied to the Nernst
equation. This analysis is given in Appendix IV in detail, with the voltage response to
these mass transport (diffusion) losses given here:

(5-2)

The oxygen flux (J) is related to the current being drawn through the load, the
diffusion distance „l‟ is assumed to be the width of the cathode, and the concentration of
oxygen in the gas stream (C0) is known, leaving the effective diffusion coefficient of
oxygen through the cathode (D) as the sole modeling parameter.
The voltage response of the system is defined by the summation of equation (5-1)
and equation (5-2). The three modeling parameters are D, RCT and CCDL with RCT being
the value that defines the cathode catalytic losses under the experimental conditions.
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Coupling these modeling parameters and minimising the „r2‟ value of the model to
the experimental data using the solver program built into Microsoft Excel, the best fit
modeling parameters were determined. The fit of the model is shown in Figure 5.28 with
the regressed fit parameters given in Table 5.3.
The important regression parameter that dictates the cathode catalytic performance
is the RCT value. The discussion of the validity of the resulting modeling parameter for
the diffusion losses „D‟ will be discussed later in this section. The voltage response due
to cathode catalytic losses can be directly determined at this current density using a V=IR
relationship. However, it is a more complete analysis to apply this model to the data
acquired from the sample over a range of current densities to produce a Tafel plot. A
sample Tafel plot was shown in the literature review (Figure 2.4) along with a discussion
of different performance parameters that can be acquired from a Tafel plot to compare
cathodic performance between samples. Important data that can be determined from a
Tafel plot is the „exchange current density‟ and the „charge transfer coefficient‟, which
can be used in the widely used Butler-Volmer equation (equation (2-9)) to predict the
catalytic (activation) losses of a cathode at any given current density. These can also be
used to determine the comparison parameter from AC impedance data in literature known
as the Area Specific Resistance to charge transfer (ASR) of the cathode.
The Tafel plots produced for the cathodes in this study provide ten data points
(unless there was erroneous data) using the model fit values of RCT at ten different current
densities for any given operating temperature. For the sample currently being discussed,
the remaining 9 current interrupt responses with their model fits are given from Figure
5.29 to Figure 5.37 with the resulting Tafel plot given in Figure 5.38.
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Figure 5.28 - Comparison of the current interrupt response shown in Figure 5.26 with the proposed
model

Table 5.3 - Modeling parameters for Figure 5.28

Fit Parameter
Regressed Value

D
1.12 x 10-9 m2/s

RCT
25.8

CCDL
3.1 x 10-4 F

This Tafel plot provides an exchange current density (extracted from the intercept
of the slope of the linear portion of the plot) of 7.996 A/m2, and a charge transfer
coefficient of 0.457 (determined from the slope of the linear portion of the plot). The
extraction of these parameters from the Tafel plot can be rationalised by examining the
„high polarisation‟ assumption of the Butler-Volmer equation (equation (2-11)) which is
reproduced here:
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(5-3)

In regions of „high polarisation‟ in the Tafel plot, the natural logarithm of the
current density plotted against the potential loss of the cathode (
of „

act)

will produce a slope

‟ allowing the charge transfer coefficient ( ) to be determined. The intercept

of this trendline gives the exchange current density (i0). Tafel plots were produced for the
15 cathode compositions at the 5 operational temperatures examined (Appendix VII). For
all Tafel Plots, six or seven of the ten data points were typically used for this analysis,
those for which the condition in equation (5-3) holds true.
The values for charge transfer coefficient, exchange current density and the area
specific resistance to charge transfer17 (ASR) for all 15 compositions are given in Table
5.4.
5.2.1.1 Discussion of the Diffusion Component of the Model
It is stressed throughout this study that the diffusion model presented to separate
the mass-transport (diffusion losses) from the catalytic losses of the cathode in the current
interrupt data is not necessary to provide results. However, a more accurate identification
of the cathode catalytic losses can be made if the diffusion losses are properly modeled.
While Appendix IV outlines the mathematical derivation for the model, this section will
discuss some assumptions made and analyse some of the results.

17

ASR is calculated for comparison to AC impedance results from previous work. This is determined from
„exchange current density‟ using equation (2-13).
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Figure 5.29 – Current interrupt data with the fit model at 0.48 mA (R CT = 25.8 )

Figure 5.30 – Current interrupt data with the fit model at 0.91 mA (R CT = 41.8 )
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Figure 5.31 - Current interrupt data with the fit model at 1.42 mA (RCT = 36.4 )

Figure 5.32 - Current interrupt data with the fit model at 1.96 mA (R CT = 37.1 )
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Figure 5.33 - Current interrupt data with the fit model at 2.44 mA (R CT = 35.0 )

Figure 5.34 - Current interrupt data with the fit model at 2.95 mA (R CT = 36.3 )
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Figure 5.35 - Current interrupt data with the fit model at 3.48 mA (R CT = 32.7 )

Figure 5.36 - Current interrupt data with the fit model at 4.07 mA (R CT = 29.9 )
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Figure 5.37 - Current interrupt data with the fit model at 4.67 mA (R CT = 31.1 )

Figure 5.38 - Tafel plot for the (90 wt % Gd0.9Sr0.1CoO3 – 10 wt % Electrolyte) cathode operating at
550oC
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Table 5.4- Cathode performance data
Composition
90 wt % Gd0.9Sr0.1CoO3 –
10 wt % Electrolyte

80 wt % Gd0.9Sr0.1CoO3 –
20 wt % Electrolyte

70 wt % Gd0.9Sr0.1CoO3 –
30 wt % Electrolyte

60 wt % Gd0.9Sr0.1CoO3 –
40 wt % Electrolyte

50 wt % Gd0.9Sr0.1CoO3 –
50 wt % Electrolyte

90 wt % Gd0.8Sr0.2CoO3 –
10 wt % Electrolyte

80 wt % Gd0.8Sr0.2CoO3 –
10 wt % Electrolyte

70 wt % Gd0.8Sr0.2CoO3 –
30 wt % Electrolyte

60 wt % Gd0.8Sr0.2CoO3 –
40 wt % Electrolyte

50 wt % Gd0.8Sr0.2CoO3 –
50 wt % Electrolyte

90 wt % Gd0.7Sr0.3CoO3 –
10 wt % Electrolyte

80 wt % Gd0.7Sr0.3CoO3 –
20 wt % Electrolyte

70 wt % Gd0.7Sr0.3CoO3 –
30 wt % Electrolyte

2

i0 (A/m )

logASR ( cm2)

i0 (A/m2)

logASR ( cm2)

i0 (A/m2)

logASR ( cm2)

i0 (A/m2)

logASR ( cm2)

i0 (A/m2)

logASR ( cm2)

i0 (A/m2)

logASR ( cm2)

i0 (A/m2)

logASR ( cm2)

i0 (A/m2)

logASR ( cm2)

i0 (A/m2)

logASR ( cm2)

i0 (A/m2)

logASR ( cm2)

i0 (A/m2)

logASR ( cm2)

i0 (A/m2)

logASR ( cm2)

i0 (A/m2)


550oC
7.996
0.457
1.647

Operational Temperature
575oC
600oC
625oC
10.227
13.609
21.010
0.437
0.416
0.445
1.553
1.442
1.265

650oC
31.627
0.473
1.099

2.567
0.592
2.140

4.948
0.515
1.868

9.814
0.431
1.583

12.083
0. 458
1.505

18.524
0.481
1.332

1.396
0.725
2.405

2.946
0.701
2.294

3.016
0.618
2.096

4.196
0.687
1.965

8.446
0.735
1.673

10.765
0.691
2.093

5.075
0.603
1.870

5.733
0.687
1.829

6.544
0.891
1.784

4.914
0.746
1.858

9.477
0.691
1.586

19.381
0.562
1.288

23.252
0.788
1.221

23.423
0.869
1.230

6.472
0.498
1.739

10.765
0.467
1.531

14.624
0.538
1.410

17.368
0.609
1.348

16.860
0.688
1.373

5.248
0.408
1.830

7.632
0.394
1.680

9.121
0.442
1.615

10.522
0.494
1.566

12.235
0.572
1.512

7.951
0.494
1.649

12.141
0.475
1.478

11.573
0.530
1.512

14.460
0.550
1.427

15.020
0.632
1.423

6.406
0.645
1.743

9.460
0.568
1.587

12.406
0.620
1.482

20.991
0.593
1.266

15.038
0.704
1.422

6.853
0.676
1.714

11.394
0.628
1.506

12.279
0.661
1.486

17.363
0.739
1.348

15.403
0.823
1.412

14.330
0.475
1.406

17.779
0.514
1.325

23.603
0.526
1.215

21.131
0.612
1.275

11.261
0.504
1.498

15.397
0.417
1.375

18.901
0.486
1.299

25.227
0.484
1.186

33.151
0.514
1.079

8.235
0.521

12.215
0.455

17.803
0.469

26.844
0.465

26.811
0.566
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60 wt % Gd0.7Sr0.3CoO3 –
40 wt % Electrolyte

50 wt % Gd0.7Sr0.3CoO3 –
50 wt % Electrolyte

logASR ( cm2)

i0 (A/m2)

logASR ( cm2)

i0 (A/m2)

logASR ( cm2)


1.634

1.476

1.325

1.159

1.171

5.492
0.658
1.810

10.083
0.528
1.559

11.100
0.613
1.530

14.981
0.658
1.412

18.912
0.701
1.323

6.538
0.619
1.734

10.295
0.555
1.550

13.635
0.625
1.441

16.242
0.700
1.377

21.903
0.727
1.259

First, it should be pointed out that the diffusion losses occurring at the anode (if
any) were assumed to be negligible in this analysis. The current interrupt data using the
experimental setup provided will measure the total diffusion loss of both the anode and
the cathode, so it is important to understand why this could be ignored. It could even be
rationalised that if the diffusion losses in the anode were significant, the nature of these
losses is identical to those of the cathode (in that it is governed by diffusion and
concentration gradients). This would only alter the meaning of the modeling parameter
„D‟, producing an effective diffusion coefficient which is a measure of how fast the
system would „diffuse‟ back to normalcy. While the diffusion coefficient „D‟ would lose
its standard definition, it could still be used to remove the diffusion losses experienced by
the cell to identify the cathode catalytic losses.
Regardless, by examining SEM micrographs of cathode and anode samples
(Figure 5.39 and Figure 5.40), it can be seen that the anode has much larger pores with
respect to the cathode. Diffusion would be much faster through the larger pores of the
anode, indicating that the diffusion losses should be significantly lower.
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Figure 5.39 - SEM micrograph of the anode surface
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Figure 5.40 - SEM micrograph of a typical cathode surface

157

The results of the diffusion coefficients (modeling parameter) determined for the
90 wt % Gd0.9Sr0.1CoO3 – 10 wt % electrolyte cathode operating at 550oC are presented in
Figure 5.41 for the ten current densities measured:

Figure 5.41 - Oxygen diffusion coefficient through the porous (90 wt % Gd 0.9Sr0.1CoO3 – 10 wt %
Electrolyte) composite cathode at 550oC measured at 10 independent current densities

While it may appear that there was a large variation in the measured oxygen
diffusion coefficients measured, it should be noted that the variation is only 8% of the
average diffusion coefficient for this sample at 550oC (1.08 x 10-9 m2/s).
The average oxygen diffusion coefficient of the 15 composite cathode samples are
presented as a function of temperature in three figures (Figure 5.42 through Figure 5.44),
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Figure 5.42 - Oxygen Diffusion Coefficient of composite Gd0.9Sr0.1CoO3 cathode with various amounts
of electrolyte

Figure 5.43 - Oxygen Diffusion Coefficient of composite Gd0.8Sr0.2CoO3 cathode with various amounts
of electrolyte
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Figure 5.44 - Oxygen Diffusion Coefficient of composite Gd0.7Sr0.3CoO3 cathode with various amounts
of electrolyte

holding the level of Sr addition constant and varying the electrolyte content in each
figure. All of the „average diffusion coefficients‟ were the result of ten measurements at
each operating condition, similar to those shown in Figure 5.41.
These figures are given in the form of log diffusion coefficient as a function of
inverse temperature to illustrate the thermally activated nature of the diffusion coefficient
as given by the Arrhenius relationship:

(5-4)
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Any thermally activated process will provide a linear relationship when plotted
logarithmically as a function of inverse temperature with the slope indicating the
activation energy of the process. The values obtained for the diffusion coefficient (~10-9
m2/s) are just below the range used in typical SOFC modeling analysis (10-5 to 10-8 m2/s
[89]). This was expected as the fine pore structure of the cathodes in this study clearly
impedes diffusion to a greater extent than „typical‟ cathodes. This can be inferred from
the low current densities that exhibit mass transport losses. The most likely reason for
this is that the cathode is highly tortuous (mean free path for oxygen diffusion from the
fuel stream through the cathode to the cathode-electrolyte interface is high) providing
long diffusion paths and producing a low „effective‟ diffusion coefficient.
When diffusion modeling analysis through a porous body is done, the effective
diffusion coefficient is often given by Knudsen diffusion coefficient „Dk‟ (diffusion in
pores of less than 1 m where gas particle collision with pore walls must be taken into
account) [90]:

(5-5)

where „dp‟ is the pore diameter, „ ‟ is the porosity, „ ‟ is the tortuosity, and „MO2‟
is the molecular mass of oxygen. While values of tortuosity are difficult to measure and
vary widely through literature, it is reasonable that in a highly tortuous, fine pored
cathode „dp/ „ could be significantly smaller than a typical cathode, explaining the lower
than normal diffusion coefficients observed.
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It should also be noted that there was a limitation on the use of the model for the
gas concentration profile prior to the current interrupt event. If the diffusion coefficient
was sufficiently low, the solution to Fick‟s law for the system (provided in Appendix IV)
could produce a negative number for the concentration at the cathode-electrolyte
interface. In these cases, it was required to adjust the initial concentration profile to avoid
this scenario by segregating the diffusion coefficient into the diffusion coefficient
„before‟ and „after‟ the interrupt event. Examination of the Fick‟s solution to the system
(equation (5-2)) and the derivation of this equation, it can be seen that the diffusion
coefficient inside of the exponential terms dictates the diffusion characteristics of the
system after the interrupt event, and the diffusion coefficient outside dictates the initial
concentration profile of oxygen. By separating these parameters and forming two
independent modeling variables, this exceptional case could be avoided. It has been
shown in other studies [8] that the solution to the gas concentration profile of oxygen in a
porous cathode can deviate from the linear Fick‟s solution to a slightly non-linear
solution.
This modeling procedure is a simple way to segregate the diffusion and catalytic
losses of the cathode for current interrupt experiments. While many assumptions were
made in the modeling analysis to maintain simplicity, it was successful and useful for the
purpose that it was intended. It is stressed that this modeling was used as a tool to
remove the diffusion losses, and the validity of the modeling parameters were not a
critical portion of this study.
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5.2.2 Comparison of Cathode Performance to Previous Work
The cathode systems investigated in this study were also investigated by the
author in previous work [15]. In that previous study, the compositions of the functional
cathode and electrolyte was identical, except for the presence of carbonates in the
functional electrolyte. By comparing the performance of the cathodes in this study to the
performance of the cathode in the previous „benchmark‟ work, the role of carbonates in
the functional electrolyte for SOFCs can be determined.
In order to properly compare the results, it must be ensured that the similar
composite cathodes compositions with similar geometrical characteristics are analysed.
Composition must be consistent in terms of volume fraction of electrolyte present in the
composite cathode, as this has an effect on the catalytic losses of the cathode as explained
in Section 2.7.3.1 and shown diagrammatically in Figure 2.11. The geometry (surface
area) must be held consistent, as it has been shown in previous studies [8,25,15] that there
is a close link between the length of the triple phase boundary layer (concentration of
available catalyst sites) and cathode performance. The surface area of the cathode defines
the amount of cathode surface exposed to oxygen, and is closely linked to the length of
the triple phase boundary layer, thus the surface area for the cathode materials was
measured.
5.2.2.1 Cathode Surface Area Analysis
BET surface area analysis was used to determine the surface area of the cathodes
used in current interrupt experiments (Figure 5.45).
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The surface area of the cathodes in this study did not vary significantly with
change in Sr content on the A-site of the cathode, however, the surface area did show a
dependence on the amount of electrolyte in the composite cathode. This was expected as
during sintering, the carbonate phase that is present within the electrolyte material
liquefies, and smoothes out surfaces. It can be surmised that the greater the amount of
carbonates in the composite, the lower the surface area should become.

Figure 5.45 - Surface area of 15 cathode compositions

5.2.2.2 Cathode Results from Previous Work
In attempt to determine a close surface area and compositional match between
cathode systems investigated in this study and the previous study being used for
benchmark comparison [15], the validity of the comparison must be examined.
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In the benchmark study a 75wt% Gd0.8Sr0.2CoO3 – 25wt% electrolyte composite
cathode system was investigated on a Ce0.9Gd0.1O2 electrolyte. This study also examined
Gd0.8Sr0.2CoO3 – electrolyte composite cathodes, but on Ce0.9Gd0.1O2 – carbonate
electrolytes. As carbonates have a lower density (2.11 g/cm3 for LiCO3 and 2.53 g/cm3
for Na2CO3) than Gd doped ceria (7.23 g/cm3), it is more prudent to compare composite
cathodes with similar volume percent of electrolyte instead of weight percent18.
Converting the cathode system to volume %, the cathode investigated in the previous
study becomes 73.3vol% Gd0.8Sr0.2CoO3 – 26.7vol% Ce0.9Gd0.1O2, which is similar to the
90wt% and 80wt% Gd0.8Sr0.2CoO3 composite cathode systems (with a balance of
carbonate containing Ce0.9Gd0.1O2) investigated in this study which convert to 83.3vol%
and 68.9vol% Gd0.8Sr0.2CoO3, respectively. The surface area results for these systems are
given in Table 5.5:
Table 5.5 - Compositional and Surface Area matches between this study and previous work

Composition
Results from previous
study

Results from this
study

73.3vol% Gd0.8Sr0.2CoO3 –
26.7vol% Ce0.9Gd0.1O2
(1200oC Sinter)
83.3vol% Gd0.8Sr0.2CoO3 –
16.7vol% (GDCcarbonate)
68.9vol% Gd0.8Sr0.2CoO3 –
31.1vol% (GDCcarbonate)

Surface Area
(m2/cm3)
1.473

1.735

1.113

The data in Table 5.5 shows that the surface areas obtained for the relevant
comparison compositions are close to that of the previous study with a 1200oC sinter. As

18

It should be noted that while volume fractions were used for comparison, equivalent weight fractions also
showed very similar results that would lead to similar conclusions
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the compositions are also similar between studies, it can be argued that the cathode
compositions from the benchmark study and from this study can be compared for
catalytic losses with any difference in performance being attributed to the presence of
carbonates in the electrolyte. When the area specific resistance to charge transfer (ASR)
is compared between the cathodes of this study and the benchmark cathodes in Figure
5.46, it can be seen that there is a significant decrease in the ASR of the cathodes
containing carbonate, even for the cathode system with only 75% of the surface area of
the cathodes in the benchmark study.

Figure 5.46 - Comparison of composite cathode performance

The improved performance of the cathodes in this study becomes more
pronounced as the operating temperature decreases, with 50-70% lower ASR exhibited by
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the cathodes tested on GDC-carbonate electrolytes at 600oC. This makes it appear that
there is a clear improvement in the catalytic properties of the cathodes with the addition
of the carbonate phase to the electrolyte; an advantage that increases drastically with
decreasing operating temperatures. It should be noted that all cathode compositions
examined in this study exceeded the performance of the benchmark to varying degrees.
There are two potential reasons for this improvement in performance. The overall
activation energy for the reduction of oxygen at the cathode-electrolyte interface could be
reduced, or the number of sites available for the reduction of oxygen could be increased.
The activation energy barrier for the reduction of oxygen at the cathodeelectrolyte interface is the source of the catalytic (activation) losses of the cathode. One
of the most common methods of lowering the catalytic losses is to find a material that
displays a lower activation energy barrier. It could simply be that the energy barrier for
the reduction of oxygen via the oxygen ionic conducting pathway (reproduced here from
equation (2-30)):
(5-6)
is greater than the energy barrier for the reduction of oxygen given the protonic
conducting pathway (reproduced here from equation (2-31)):
(5-7)
The other alternative is that the number of sites available to produce this reaction
could be increased. This could happen as the half reaction for equation (5-7) occurs at
different sites than the half reaction for equation (5-6). The half reaction for equation
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(5-6) occurs where cathode, GDC electrolyte and oxygen gas are present (and a finite area
around where this triple phase boundary occurs due to the presence of oxygen ion
conduction in the cathode (see Figure 2.8)), whereas the half reaction for equation (5-7)
occurs where cathode, GDC-carbonate grain boundary and oxygen gas are present. If the
total number of reaction sites is greater, the reaction can take place at a greater rate,
reducing the catalytic losses of the cathode; this effect has been discussed extensively in
literature [8] and is also discussed in the literature review of this study. However, this
proposed reason is less likely as the increase in the number of cathode/GDC-carbonate
grain boundary/oxygen triple phase boundaries is likely at the expense of a reduction of
cathode/GDC/oxygen triple phase boundaries.
It should be noted that the ASR values from Figure 5.46 are higher than those that
would be found in a practical SOFC as outlined by Steele [24,91]. It is expected that with
an improvement in surface area of the cathode, practical ASR values could be attained.
In a past study by the author [15], it was shown that a reasonable increase in surface area
for this system can result in a drop in ASR by two orders of magnitude.
This study has shown that there is indeed a performance increase of the cathode
associated with the addition of carbonates to the electrolyte. This improved effect is
magnified as the operational temperature of the SOFC is decreased, making these
electrolytes ideal candidates for LT-SOFCs.

5.3 Cathode Composition Optimisation
Now that it has been determined that there is a performance increase for cathodes
operating in conjunction with carbonate containing electrolytes, it is prudent to optimise
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the composition of the Gd1-xSrxCoO3 - Ce0.9Gd0.1O2 composite cathode system. The
composition is optimised for a balance of high conductivity, low catalytic losses, and
thermal expansion matching to the electrolyte. This section will also examine the
theoretical densities of the cathode (post-sintering) to ensure that the porosity of the
cathode is sufficient for use in an SOFC.
There were 15 compositions analysed: (100-y) wt% Gd1-xSrxCoO3 – (y) wt%
electrolyte where x = 0.1, 0.2, 0.3 and y = 10, 20, 30, 40, 50. It is important to note that
all cathode samples used in measurements were fabricated in a similar method to those
that would be used in practice. The effect of this is that all cathode samples are porous
and the measured quantities are properties that would be exhibited by the cathodes in situ.
It is more prudent to examine the characteristics of the cathodes as they would be found
in practice.

5.3.1 Catalytic Losses
The analysis involved in extracting the cathode catalytic (activation) loss results
from the current interrupt data was performed in a previous section (5.2.1). However, the
data presented was intended for comparison to results of previous work that was in the
form of area specific resistance to charge transfer (ASR). One of the distinct advantages
of the current interrupt method is that the results obtained can be used to evaluate the
cathode catalytic losses over a wide range of current densities, not just the „low
polarisation‟ information that is provided by the ASR.
The values obtained from the current interrupt data for cathode catalytic
performance (charge transfer coefficient ( ) and exchange current density (i0)) in
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Table 5.4 can be applied to the Butler-Volmer equation (equation (2-9)) to evaluate the
cathode catalytic loss at any current density. As discussed in the literature review,
cathode catalytic losses are more dominant at low current densities. As the current
density of a SOFC increases into the higher current density regimes, the increase catalytic
losses do not increase much with an increase in current density. This can be seen by
rearranging the Butler-Volmer equation (high polarisation approximation) and isolating
for catalytic losses (

act)

as these losses increase as a function of the natural logarithm of

current density:

(5-8)

This allows for the definition of a more practical benchmark to gauge cathode
catalytic performance than ASR values can provide. By selecting a „benchmark‟ current
density, typical of SOFC operation, we can compare the cathode catalytic losses during
practical operation. The current density selected as a benchmark was 1 A/cm2; a current
density that is common in SOFC operation and meets the „high polarisation
approximation). It should be noted that altering this benchmark to higher current
densities will not change the comparison of losses between cathode compositions to a
significant degree as cathode catalytic losses do not increase significantly above this
value of current density (over practical current density limits).
The values from Table 5.4 were applied to the Butler-Volmer equation to produce
the results shown in Figure 5.47 through Figure 5.49. The cathode catalytic losses are
presented at the benchmark current density of 1 A/cm2 in the form of catalytic (activation)
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Figure 5.47 – Catalytic losses of composite cathodes with 10% Sr doping (Gd 0.9Sr0.1CoO3) at 1 A/cm2

Figure 5.48 - Catalytic losses of composite cathodes with 20% Sr doping (Gd 0.8Sr0.2CoO3) at 1 A/cm2
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Figure 5.49 - Catalytic losses of composite cathodes with 30% Sr doping (Gd 0.7Sr0.3CoO3) at 1 A/cm2

polarisation. As there were 15 independent compositions, the results were separated into
three figures by their level of Sr doping.
To examine the effect of composition on the catalytic properties of the respective
cathode systems, present analysis will first examine the effect of electrolyte addition, and
then discuss the effect of strontium doping on the A-site.
As can be seen in Figure 5.47 through Figure 5.49, initially increasing the
concentration of electrolyte in the cathode increases the catalytic losses of the cathode
system. This is to be expected in a composite cathode material. The benefit of adding
electrolyte into a composite cathode system is that the number of sites where the triplephase boundary condition (area where electrolyte, cathode and oxygen gas are all present)

172

is satisfied increases. The triple phase boundary is not limited to the area at the
electrolyte-cathode interface, but can extend theoretically throughout the entire cathode.
This would effectively increase the number of sites available for producing oxygen ions
from oxygen, decreasing the cathode‟s catalytic losses. This is shown diagrammatically
in Figure 2.9. However, not all of the electrolyte within the composite cathode is „active‟.
In order to present a site for oxygen reduction, the electrolyte at the reaction site must
have an electrolyte material pathway connecting it to the bulk electrolyte in order to
provide a „sink‟ for the oxygen ions produced from the oxygen reduction half reaction.
Any isolated electrolyte within the cathode cannot provide this sink, essentially acting as
non-functional „filler‟ material. Filler material does nothing to benefit performance, and
instead just takes up space that could be occupied by the functional cathode material.
When there are only small amounts of electrolyte within the composite cathode, most of
the electrolyte present in the cathode is not interconnected, and performs no
electrochemical function.
Once sufficient electrolyte is added to the composite, more of the electrolyte phase
becomes electrochemically active, reducing the catalytic losses of the cathode once this
„critical concentration‟ is exceeded. For the systems examined, this critical concentration
of electrolyte is between 20 and 30 wt%, beyond which a dramatic decrease in catalytic
losses was observed. It is hypothesised here that increasing the electrolyte concentration
within the cathode beyond the examined 50 wt% would eventually lead to a dramatic
increase in cathode catalytic losses. Eventually, functional cathode interconnectivity (the
non-electrolyte phase) would become an issue (known as the „percolation limit‟), causing
the isolated functional cathode material to become „inactive‟. This behaviour is observed
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in literature, and is shown in Figure 2.11. It should be noted that this figure does not
exhibit the initial increase in cathode loss with an increase in electrolyte concentration in
the composite cathode. However, this figure does not have data between 0 and 25 vol%
electrolyte, which is the region in which this effect is likely to occur.
The effect of the level of Sr doping on the A-site of Gd1-xSrxCoO3 is less apparent
than the effect of electrolyte concentration in the composite cathode. It is difficult to
isolate the effects of Sr doping, particularly due to the fact that it was not possible to
investigate a cathode system with 0 wt% electrolyte using the fabrication methods
discussed. The strongest effect of Sr doping appears to be the effect that it has on the
behaviour of the electrolyte in the composite cathode.
Before discussing this in detail, attention should be drawn to the effect of
temperature on the catalytic losses of the cathode. As these losses are governed by a
thermally activated process, as temperature decreases, it is expected that performance will
also decrease. This is observed between 650oC and 600oC for all cathode compositions.
However, between 575oC and 600oC (depending on the level of strontium doping), the
performance increases with a decrease in temperature. This temperature coincides with
the liquid-(liquid+solid) phase transition on the binary phase diagram for Na2CO3 and
LiCO3 (~600oC at the composition investigated). This would indicate that there is a
change in mechanism or the catalytic properties of the system when the carbonate phase
solidifies. As there is no change in the conduction mechanism of the electrolyte through
this temperature (according data set in Figure 5.25 is consistently linear), it can be argued
that this change in catalytic performance must be a result of the catalytic properties of the
carbonates and not due to any enhanced mobility of protons. It follows that the solid state
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carbonates are more favorable than liquid state carbonates for the reduction of oxygen.
This shows promise for a carbonate containing electrolyte in a composite cathode as a
candidate for decreasing the operating temperatures of SOFCs.
The level of Sr addition appears to have a mild effect on the temperature at which
this transition in oxygen reduction mechanism or carbonate phase change occurs.
Strontium addition of 10 mol% exhibits this phenomenon below 600oC, whereas Sr
addition of 20-30 mol% pushes this transition temperature to around 575oC. The level of
Sr addition also increases the concentration of electrolyte in the composite cathode
required to exhibit a decrease in cathode catalytic losses. At 10-20 mol% Sr addition, this
transition occurs at 20 wt% electrolyte, but it increases to 30 wt% electrolyte as the level
of strontium doping increases to 30 mol%. Reasons for these effects could be due to the
level of Sr in the functional cathode altering the morphology and phase transition of the
carbonates. Strontium may have the effect of altering the surface energy of the cathode
phase, adjusting the phase transition temperature of the carbonates. Alternately,
compatibility between different levels of Sr addition in the cathode could affect the
catalytic compatibility of the carbonates for reduction of oxygen via the protonic
pathway.

5.3.2 Conductivity
While catalytic losses of the cathode are seen to increase dramatically with an
increase in electrolyte in the composite cathode (over the investigated range), an increase
in the amount of electrolyte in the composite cathode drastically decreases the electronic
conductivity of the cathode. By definition, electrolyte material should be an electronic
insulator, and thus acts in very much the same way as porosity does in reducing the
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electronic conductivity of the cathode. This causes a balance of decreasing electronic
conductivity and increasing the catalytic properties of the cathode when increasing the
concentration of electrolyte in the composite. For this reason, it is extremely important to
examine the conductivity of these cathode systems. Conductivity was measured using
standard four-point conductivity testing in a standard air atmosphere. To simplify the
presentation of the data, it is provided in Figure 5.50 through Figure 5.52 separated by the
level of Sr addition in the functional cathode material.

Figure 5.50 - Conductivity of composite cathodes with 10% Sr doping (Gd 0.9Sr0.1CoO3)
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Figure 5.51 - Conductivity of composite cathodes with 20% Sr doping (Gd0.8Sr0.2CoO3)

The conductivity results are as expected with very similar results to those reported
previously in literature [15,16]. Increasing the concentration of electrolyte in the
composite cathode acted as an electronic insulator, which drastically reduced the
conductivity of the composite cathode. The effect of Sr was small, but it did slightly
increase the conductivity as the level of Sr on the A-site was increased. In accordance
with the electronic conduction mechanism in perovskite cathodes, this must be due to
either an increase in concentration of small polarons (local lattice distortions responsible
for electronic conduction in perovskites) or an increase in the mobility of these small
polarons. As the slope of the logarithmic conductivity does not change with inverse
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temperature for different levels of Sr addition, it follows that the diffusion coefficient
(and hence mobility) of small polarons is not affected by strontium doping. It follows
that the most likely reason for the slight increase in conductivity with increasing Sr levels
is due to an increase in lattice defects that follow doping levels, and in particular small
polarons.

Figure 5.52 - Conductivity of composite cathodes with 30% Sr doping (Gd0.7Sr0.3CoO3)

Electronic conduction in these perovskites exhibit Arrhenius type thermally
activated conduction, which is typical of semi-conducting perovskite ceramics. It is
interesting to note two distinct inflection points in the slope of logarithmic conductivity
with respect to inverse temperature. Changes in slope in Arrhenius plots are indicative of
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a shift in activation energy for conduction, which is traditionally due to a change in
conduction mechanism. The two distinct temperatures at which this transition occurs at
~350oC and ~550oC. It was reported by Dyck et al. [16] that there was a change in
activation energy at 350oC similar to the phenomenon observed here. The reason
proposed for this activation energy change was the onset of ionic conductivity. However,
thermal expansion characteristics found in the same study may suggest this behaviour is
due to a phase transformation at this temperature.
The second abrupt change in activation energy at 550oC is expected to be due to
either a phase change at this temperature or an increase in the association enthalpy of the
charge carriers due to an elevated level of oxygen vacancies. Although it is unknown if
or what phase transformation takes place, some perovskite systems have been found to
shift crystal structure from orthorhombic to tetragonal at similar temperatures [92]. Other
evidence of this phase transformation is found in studies on the thermal expansion of
Gd0.8Sr0.2CoO3- [40] which clearly display an abrupt change in thermal expansion coefficient at ~550oC.

5.3.3 Thermal Expansion Results
It is important to investigate the thermal expansion properties of all components of
a SOFC when discussing their compatibility. It is well known that one of the largest
reliability concerns with SOFCs is the mechanical stability of the cells during multiple
thermal cycles. The push towards lower operational temperatures is in part due to this
problem. While LT-SOFCs do not have to undergo thermal cycling of similar
magnitudes to IT or HT-SOFCs, the matching of the thermal expansion of the electrolyte
and cathode should still be examined.
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The thermal expansion results measured using standard dilatometry are given in
Figure 5.53 through Figure 5.55. Thermal expansion measurements were also recorded
for an electrolyte sample with this data provided in all figures for reference. The thermal
expansion results are presented in Figure 5.53 through Figure 5.55 with Sr addition held
consistent, and varying the concentration of electrolyte in the composite cathode in each
figure.
The thermal expansion of the electrolyte showed a transition of its thermal
expansion coefficient (slope of the line) from ~1.9 x 10-5 K-1 to ~0.9 x 10-5 K-1 between
300oC and 350oC. The most likely reason for this is deduced from the binary phase
diagram for Na2CO3 and LiCO3 (Figure 2.20). At 309oC, lithium carbonate becomes
soluble in the sodium carbonate matrix. The solubility of lithium carbonate in sodium
carbonate is between 6 and 11.5 mol%, and this is the only change of state at this
temperature. Thus it follows that it likely that the presence of dissolved Li in Na2CO3 is
the cause of this thermal expansion shift.
Thermal expansion results show that the thermal expansion of the composite
cathode materials were very sensitive to the amount of electrolyte in the composite
cathode, but not to levels of Sr addition. The thermal expansion results which most
closely mimic that of a monolithic Gd1-xSrxCoO3 cathode is that with the lowest level of
electrolyte (10 wt%). The thermal expansion coefficient for this concentration of
electrolyte at all strontium doping levels is 2.6 x 10-5 K-1, and is consistent for
measurements over 200oC and similar to those results found in literature (2.3 x 10-5) [40].
Below 200oC, the thermal expansion coefficient of these cathodes is not linear, and while
this is seen in literature, no explanation of this phenomenon has been given. There is no
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Figure 5.53 – Thermal expansion results of composite cathodes with 10% Sr addition
(Gd0.9Sr0.1CoO3)

Figure 5.54 – Thermal expansion results of composite cathodes with 20% Sr addition
(Gd0.8Sr0.2CoO3)
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Figure 5.55 – Thermal expansion results of composite cathodes with 30% Sr addition
(Gd0.7Sr0.3CoO3)

known phase transformation or change in the crystalline structure of the lattice below
200oC.
Increasing the amount of electrolyte in the composite cathode brings the nature of
the thermal expansion of the cathode closer to that of the electrolyte. While this may not
be apparent at first as the difference in percent elongation is greater at 50 wt% electrolyte
than 30 wt% electrolyte in the composite cathode, the thermal expansion coefficients are
a closer match (Table 5.6).
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Table 5.6 - Thermal expansion coefficient of cathode compositions and electrolyte

10 mol% Sr
20 mol% Sr
30 mol% Sr
Electrolyte

Thermal Expansion Coefficient (x 10-5 K-1) (300oC – 500oC)
10 wt% Elec
20 wt% Elec
30 wt% Elec
50 wt% Elec
2.6 +/- 0.3
2.1 +/- 0.1
1.7 +/- 0.1
1.1 +/- 0.1
2.6 +/- 0.2
2.2 +/- 0.2
1.7 +/- 0.1
1.1 +/- 0.1
2.6 +/- 0.2
2.1 +/- 0.1
1.7 +/- 0.1
1.1 +/- 0.1
1.1 +/- 0.3

* error given is standard deviation of the trendline over the indicated temperature range

The total percent elongation of the composite cathode and electrolyte are most
closely matched with 30 wt% electrolyte in the composite cathode, however, this is due to
the deviation of thermal expansion below 200oC. As the composite cathodes do not
thermal expand as quickly as the electrolyte in this temperature regime, the cathodes need
to „catch up‟ to the expansion of the electrolyte. Regardless of similarity of properties, it
is the overall difference in elongation that is important in determining the maximum
strains induced during thermal cycling. The difference in percent elongation (to the
electrolyte) at the maximum measured temperature (525oC) is given for each cathode
composition in Table 5.7.
Table 5.7 - Difference in percent elongation between the cathode and electrolyte

10 mol% Sr
20 mol% Sr
30 mol% Sr

Difference in % elongation at 525oC (%)
10 wt% Elec
20 wt% Elec
30 wt% Elec
50 wt% Elec
0.33
0.15
0.07
-0.16
0.30
0.14
0.02
-0.19
0.32
0.16
0.05
-0.16

While there is no defined „benchmark‟ in literature for acceptable thermal
expansion deviation between cathode and electrolyte, a smaller difference in thermal
expansion coefficients will decrease the likelihood of interfacial thermal stress cycling
failure.
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5.3.4 Porosity Analysis
It is important to ensure that cathodes used in SOFCs have appropriate levels of
porosity in order to properly transport oxygen to the electrolyte-cathode interface.
Typical porosity targets are given as 40-60% porosity. The porosity data for the cathode
compositions examined are given in Figure 5.56.

Figure 5.56 - Theoretical density of cathode compositions

The density of the composite cathodes did not vary significantly with level of Sr
addition, but it did increase slightly with an increase in electrolyte concentration. This
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was to be expected, as the sintering mechanism is viscous sintering, and the higher
amounts of electrolyte in the composite cathode lead to higher concentrations of the
liquid carbonate phase during sintering. All compositions met the requirement of 40-60%
porosity.

5.4 Performance Prediction
In order to determine the optimal concentration of the composite cathode system,
it is important to develop a method for balancing important characteristics to evaluate
which cathode system will perform best in an operational environment. By applying all
of the measured parameters determined in this study, the voltage losses of the cell at any
current density for our system can be predicted. This was done by subtracting ohmic and
catalytic (activation) losses from the ideal voltage of the system (equation (2-7)).
The ideal voltage was calculated using the Nernst equation for the system
(equation (2-3)) assuming air and hydrogen at standard pressure are used as the oxidant
and fuel stream.
The ohmic losses were calculated using values for conductivity of the electrolyte
and cathode compositions determined in this study. The thickness of the cathode and
electrolyte were assumed to be 40 m and 15 m, respectively. The ohmic losses of the
anode were assumed to be negligible.
The catalytic (activation) losses were predicted using the Butler-Volmer equation
(equation (2-7)) and the performance parameters measured in this study for the cathode.
The activation losses of the anode were assumed to be negligible.
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It is important to note that this prediction study is based upon performance
parameters measured for the individual components of the cell. Fabrication of LT-SOFCs
is still in its infancy, and proper cells based on thin-film electrolytes with cathodes free of
diffusion losses have not been well developed. This prediction study is purely to measure
the potential of the components of the system for practical use. Experiments were done
on cells that were used for current interrupt analysis, however, these samples were
fabricated with „thick‟ electrolytes (~2.75mm) to ensure that conductivity and catalytic
losses could be determined without fuel crossover and fabrication flaws affecting the
results.
A typical performance benchmark given in literature for a „well-designed‟ fuel
cell is 500 mW/cm2 [19]. This was used to provide a gauge of system potential. The
predicted maximum power output of LT-SOFCs based on the cathode systems of this
study are given in Figure 5.57 through Figure 5.59 for operating temperatures between
550oC and 650oC. The composite cathode systems that meet or exceed the benchmark
power of 500 mW/cm2 are given in Table 5.8:
Table 5.8 – Composite cathode systems that attain predicted benchmark power

Predicted Maximum Power (mW/cm2)
@ Operating Temperature
Composition
90 wt % Gd0.9Sr0.1CoO3 – 10 wt % Electrolyte
80 wt % Gd0.9Sr0.1CoO3 – 20 wt % Electrolyte
70 wt % Gd0.9Sr0.1CoO3 – 30 wt % Electrolyte
90 wt % Gd0.8Sr0.2CoO3 – 10 wt % Electrolyte
80 wt % Gd0.8Sr0.2CoO3 – 20 wt % Electrolyte
70 wt % Gd0.8Sr0.2CoO3 – 30 wt % Electrolyte
90 wt % Gd0.7Sr0.3CoO3 – 10 wt % Electrolyte
80 wt % Gd0.7Sr0.3CoO3 – 20 wt % Electrolyte
70 wt % Gd0.7Sr0.3CoO3 – 30 wt % Electrolyte
60 wt % Gd0.7Sr0.3CoO3 – 40 wt % Electrolyte

600oC

625oC

524

529
759

510

643
555
513
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650oC
590
507
702
970
645
651
852
702
703
612

Figure 5.57 – Predicted maximum power of LT-SOFCs incorporating composite cathodes with 10%
Sr addition (Gd0.9Sr0.1CoO3)

Figure 5.58 – Predicted maximum power of LT-SOFCs incorporating composite cathodes with 20%
Sr addition (Gd0.8Sr0.2CoO3)
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Figure 5.59 – Predicted maximum power of LT-SOFCs incorporating composite cathodes with 30%
Sr addition (Gd0.7Sr0.3CoO3)

These results indicate that the composite cathode systems with low amounts of
electrolyte tend to exhibit the best combination of low catalytic losses and high
conductivity in the temperature range examined. This effect is due to the drastic decrease
in conductivity in composite cathodes with increase in electrolyte composition, and
implies that this effect begins to dominate the losses of the cell in the 40-50 wt% range
for the compositions examined. If thicker cathodes were used in the predictions, this
effect would be amplified as ohmic losses increase linearly with thickness of the cathode
and catalytic losses are unaffected.
It is interesting to note that this effect is lessened as the operational temperature of
the cell decreases, and the cathode compositions with low electrolyte content (high
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catalytic losses) lose their relative power advantage over the composite cathodes with
poor conductivity. The rate of predicted power decrease with a decrease in operational
temperature levels off, and in some cases, predicted power increases with a decrease in
temperature. This is a results of the enhanced catalytic performance observed with the
liquid to solid phase change of the carbonates. It also outlines the potential for these
composite cathodes at low temperatures. While these compositions do not meet the
benchmark power levels at 550oC, many compositions exhibit predicted power outputs
between 300 and 400 mW/cm2, and a 25% increase in performance is not unrealistic
considering research in this field is in its infancy.
These cathode systems have the potential to vastly improve their properties with
further research. The most obvious avenue for improvement would be to increase the
surface area of the sintered cathode material. While this may be difficult due to the
nature of sintering with a liquid phase, the surface area of the cathodes in this study are an
order of magnitude lower than the surface area of the Gd1-xSrxCoO achieved in other
systems and in previous work by this author [15]. This outlines that future research in the
development of higher surface area cathodes on these electrolytes has the potential to
improve their performance.
For operating temperatures between 600oC and 650oC, the optimum cathode
composition appears to be the one with 20-30 mol% Sr doping and 10 wt% electrolyte.
While these cathode compositions do not display as the best thermal expansion matching
to the electrolyte, it is difficult to discount their performance advantage.
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For lower operational temperatures (below 600oC), the optimal composition of the
composite cathodes was determined to be 30 wt% electrolyte with any level of strontium
addition. Examining Figure 5.57 through Figure 5.59, it can be seen that as the
operational temperature is reduced, systems with cathodes containing 30 wt% electrolyte
begin to approach or exceed the performance of cathode systems containing less
electrolyte. This indicates that as operating temperature decreases, the benefit of low
catalytic losses begins to become more significant. Also, 30 wt% electrolyte in the
composite cathode has the added benefit of having the best thermal expansion match to
the electrolyte, which will decrease the likelihood of mechanical failure due to interfacial
thermal stresses during thermal cycling.
Overall, this composite cathode system shows promise as a candidate for use in
LT-SOFCs. They show potential for use at operational temperatures as low as 525oC
with indications that they may be suitable for even lower operational temperatures.
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6 Chapter 6 Conclusion
The carbonate (lithium and sodium) containing Gd doped ceria electrolyte
intended for use in LT-SOFCs operating between 400oC and 600oC was fabricated using
uni-axial hot pressing and pressureless sintering techniques. The pressureless sintering
technique was found to be superior in terms of density, quality and cost of manufacture.
While the uni-axial hot pressing technique was found to provide a finer grain structure of
80.2 nm (as opposed to 308.1 nm), the process did not produce consistent samples. The
conductivity of the pressureless sintered LT-SOFC electrolytes were 7.77 x 10-3 S/cm at
550oC, 1.25 x 10-2 S/cm at 600oC and 1.90 x 10-2 S/cm at 650oC, producing conductivities
comparable to the highest accepted values for monolithic GDC. This indicated the
potential for use in current IT-SOFC systems as well as LT-SOFC systems. This was the
first study to successfully produce and examine pressureless sintered carbonate-ceria
electrolytes.
The Gd1-xSrxCoO3 (x = 0.1, 0.2, 0.3) cathode system was studied in a composite
cathode configuration with 10, 20, 30, 40 and 50 wt% electrolyte. When compared with
previous work by the author on this composite cathode system, a decrease in catalytic
losses of 50-69% was observed at 600oC and a trend indicating a further percentage
decrease in losses at lower temperatures. It was postulated that the reason for the
decrease in catalytic losses was due to the dual-conducting nature of carbonate containing
electrolytes. No other study to date has examined the catalytic losses of the cathode in
LT-SOFC systems, and this decrease in catalytic losses for cathodes on LT-SOFC
electrolytes helps explain how LT-SOFC cells studied by other authors have performed as
well as they have.
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The optimal composite cathode system was determined to be x=0.2 and 0.3 with
10 wt % electrolyte, as these composite cathodes were shown to have the potential to
produce 970 and 852 mW/cm2 of power respectively at 650oC and 524 and 510 mW/cm2
of power at 550oC, both surpassing benchmark power densities of 500 mW/cm2. For
operation at temperatures below 550oC, composite cathodes with 30 wt% electrolyte were
determined to be optimal. At approximately 30 wt% electrolyte, these composite
cathodes exhibited a significant reduction in catalytic losses (compared to lower
electrolyte concentrations in the cathode). At lower operating temperatures, it was
postulated from performance predictions that the decrease in catalytic loss outweighs the
sacrifice in cathode conductivity associated with addition of 30 wt% electrolyte. The
cathodes with 30 wt% electrolyte also had the closest thermal expansion match to the
electrolyte (0.02 to 0.07 difference in percent elongation at 525oC), indicating minimised
thermal cycling stresses at the cathode-electrolyte interface. Predicted performance of
these cathodes at 550oC were 340 (x=0.1), 272 (x=0.2) and 325 mW/cm2 (x=0.3) at
550oC.
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7 Chapter 7 Recommendations for Future Work
It is recommended that future studies further examine and optimise the
pressureless sintering techniques used in this study in attempt to reduce the sintering
temperature and crystallite size of the sintered composite. Different combinations of
carbonates (potassium, lithium, sodium, etc) could be investigated to determine the
optimal electrolyte composition that could minimise crystallite size and enhance
conductivity.
Future studies can adapt pressure sintering techniques to more easily produce thinfilm electrolytes through processes like co-pressing or spray deposition, which have yet to
be accomplished for LT-SOFCs due to the restrictive nature of uni-axial hot pressing.
While this study discovered the improvement of cathode catalytic performance on
carbonate containing ceria electrolytes, it was identified that an increase in composite
cathode surface area has the potential to produce a drastic reduction in the catalytic losses
of the cathode. Experimentation with different cathode fabrication techniques and
electrolyte composition could potentially provide an increase in surface area.
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Appendix I – Butler-Volmer Equation Derivation
This derivation was adapted from material presented in the Queen‟s University
MECH 437/837 course and will be provided for the reaction at the cathode / electrolyte
SOFC interface, yet can be easily adapted to any charge transfer interface.
The Butler-Volmer Equation is presented as:

(1)

To properly derive this equation, it is essential to examine the reduction reaction
occurring at the charge transfer:

(2)
The rate of the forward reaction is given as :

(3)

while the rate of the reverse reaction is:

(4)

where kf and kr are the rate constants for the forward and reverse reactions. Given
these reaction rates, the current flow through the system is:
i

nFrf
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nFrr

(5)

When the system is in equilibrium, the current exchanged due to the forward and
reverse reactions are equal, providing no current

(6)

where i0 is known as the exchange current density. Under operating conditions,
the electrode becomes polarised, creating a net force of current. This polarisation ( )
increases the energy state of the reactants by nF , changing the activation energy barrier
from the previous Ef to:
Ef

Ef

nF

(7)

However, the polarisation of the electrode also increases the amplitude of the
activation energy barrier, but not as much as the reactants:
Ef

where

Ef

nF

nF

(8)

is the proportion that the electrode polarisation increases the activation

energy barrier. The activation energy of the reverse reaction is also altered. While the
polarisation of the electrode has no effect on the energy potential of the products of the
reaction, the same increase on activation energy barrier is present:

Er

Er

nF

Looking back at Equation 5, the new net current flow becomes:
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(9)

(10)

Rearranging of equation 8 and 9 gives:

(11)
(12)
which substitute into equation 10 to give Equation 13:
(13)

Simplifying using the definition of exchange current density:

(14)

Providing the Butler-Volmer equation.
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Appendix II – Mass Transport Loss Derivation
This derivation was adapted from the Fuel Cell Handbook [3].

Fick‟s first law of diffusion provides that the rate of diffusion through a control
volume is given as the difference in concentration of the diffusing species from along
both surface boundaries of the control volume multiplied by the diffusion coefficient (D)
and divided by the diffusion length ( ):

(1)

where [nsurf] and [ninf] are the concentrations of diffusing species (oxygen or
hydrogen) at the electrolyte surface and outside of the diffusion layer. Applying this to
current, we get:

(2)

From this, the maximum or limiting current (iL) is achieved when [nsurf]=0

(3)

The relative concentration of diffusing species at the electrolyte can be attained
by dividing Equation 2 by Equation 3.

(4)
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Examining the Nerst Equation when there is no current flowing:

(5)

Compared to when current is flowing:

(6)

Providing the difference to be the polarisation due to a change in surface
concentration:

(7)

and substituting Equation 4 into Equation 7, we get the equation for concentration
polarisation as a function of current density:

(8)
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Appendix III – Derivation of Cathodic Nernst Loss19
The Nernst equation in its general form is given as:

(1)

For a global redox reaction of the form :
(2)
where „a’ is the activity of the species participating in the reaction and „v‟ is the
stoichiometric coefficients of their respective species.
The global reaction for SOFCs (LT, IT and HT) is:
(3)
At operating temperatures in question, all species are in their gaseous form and are
often assumed to have activities related to their partial pressure with respect to a reference
pressure (the reference pressures are the pressures that G0 is calculated for). The
reference pressures are normally 1 atm for the hydrogen and oxygen species, and the
reference pressure for the water vapour is its saturation pressure. All of these
considerations combined provides:

19

The derivation in this appendix (along with simplification assumptions) was formulated based on analysis
found in [75]
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(4)

To determine the change in performance (or potential) due to the reaction
occuring at the cathode-electrolyte interface, we need to consider equation (4) at two
states, and take the difference. Because we are interested in the concentration of species
at the cathode-electrolyte interface, we will assume the final state considers the local
pressures at this interface. The initial state would be the state in which there are zero
diffusion losses, or the condition where the bulk concentration of species in the
fuel/oxidant stream equals the concentration of the respective species at the interface.
The gaseous water species must be treated slightly differently. As there is often no water
(in the case of the cathode side of the cell, which is the reference we are working towards)
in the oxidant stream, the bulk concentration of water in the oxidant stream has no
meaning. Instead, it is common to assume that under all operating conditions, the
concentration of water at the interface is equal to the local saturation pressure. This is a
fair assumption as water is produced at the catalyst sites and its supply at the catalyst sites
does not limit the current as it is not being consumed. With all of this considered, taking
our final state and subtracting our initial state will give us the change in performance due
to mass transport loss:
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(5)

Note that the Gibbs free energy terms have cancelled out. Collecting the
logarithmic terms, cancelling out the reference pressures and reducing the water activities
to unity provides:

(6)

This equation considers the mass transport limitations due to concentration
gradients at both the anode and cathode simultaneously. It will be discussed later in this
study that all samples analysed we can assume that the partial pressure of hydrogen gas at
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the anode-electrolyte interface is close to that of the bulk, reducing the activity of
hydrogen gas to unity. This allows for a further simplification of this equation to:

(7)

Which is the form given in the literature review.
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Appendix IV – Derivation of Solution to Fick’s Laws
In order to determine the potential drop due to diffusion losses as a function of
time during current interrupt experiments, it was necessary to solve Fick‟s laws of
diffusion for the system:

Figure 1 - Schematic of the control volume defining the diffusion in the system

In this figure, the control volume is contained within the cathode. This control
volume is of length „l‟ (note the x-coordinate definition on the right of the Figure 1), and
of an arbitrary width and depth. Ignoring edge effects by assuming that the cathode is
sufficiently wide, the analysis can be simplified to a one-dimensional diffusion problem.
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In order to completely describe our system, it is necessary to examine the
boundary conditions of the control volume at two periods of time: the initial condition
(during operation at a constant current density), and the transient response (after the
current is interrupted)

Initial Condition
Prior to the current interrupt event, our SOFC is behaving as it would in situ.
Oxygen is being fed to the cathode (control volume surface (1)) from the air stream at a
constant pressure or concentration, defined here as C0. Oxygen is being consumed at the
cathode-electrolyte interface (control volume surface (3)) where it is reduced to oxygen
ions. The flux of this oxygen consumption is constant (J) and is dictated by the current
density of the cell.
Control volume surfaces (2) and (4) are both assumed to be perfect insulators to
diffusion, as we are assuming one-dimensional diffusion.

Transient Response
At the moment of the current interrupt event (t=0), one boundary condition
changes. As there is no longer current flowing through the SOFC, oxygen is no longer
being consumed by the reduction reaction. This changes control volume surface (3) from
exhibiting a contant flux of oxygen to an insulating boundary (
no longer pass through the electrolyte.
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) as oxygen can

Now that the boundary and initial conditions have been qualitatively discussed,
they can now be quantified so that we can solve for our concentration for any „x‟ and „t‟.
The initial condition can be found by solving Fick‟s First Law of diffusion
(Equation (1)) for the conditions present prior to the current interrupt event.

(1)

This becomes the following equation through isolation of the partial derivative
and a simple integration:

(2)

Putting in the condition that at x = 0, C = C0 we get that C1 = C0 giving us an
initial condition governed by:

(3)

Which gives a linear concentration profile as such:
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Figure 2 - Concentration profile for the initial condition

Now it is necessary to solve Fick‟s Second Law of diffusion (4) to determine how
this concentration profile changes with time:

(4)

To solve this, consider the boundary conditions defined after the interrupt event:
(5)

(6)

However, because this system of boundary conditions is non-homogenous, the
system must be altered to a homogenous one in order to solve the system using a
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„separation of variables‟ technique. To do this, examine what will happen to the system
when „t‟ approaches a steady state. It is easy to deduce that when steady state is attained,
the concentration at any „x‟ is simply C0. Therefor if v(x) is the function representing the
concentration at the final steady state, it can be shown that the concentration profile can
be separated into two terms:
(7)
where w(x,t) is some function that must be still determined. Subbing Equation (7)
into Equation (4):

(8)

Since any derivatives of v(x) = 0 , this equation can be simplified:

(9)

which gives Fick‟s Second Law in a new form. Now it is necessary to see how
this has altered the boundary and initial conditions. Looking at a re-arranged version of
Equation (7):
(10)

Boundary Condition #1 (at x = 0)
(11)
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It is known already from the initial boundary conditions that C(0,t) = C0 and that v(x) =
C0, therefore Equation (11) becomes:
(12)

Boundary Condition #2 (at x=l, dC/dx = 0)

(13)

(14)

Initial Condition
(15)
Subbing Equation (3) into C(x,0), and knowing that v(x) = C0:

-or-

(16)

Now applying the separation of variables technique to solving Fick‟s Second Law
given the new homogenous differential equation:
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(17)

With the following boundary conditions:
(18)

(19)

and the following initial condition:

(20)

The first step is to separate w(x,t) into two the product of two functions : X(x) and T(t)…
(21)
and knowing that :

-and-

gives a new form of Equation (9):

By isolating the functions of „x‟ on one side of the equation, and functions of „t‟ on the
other:
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(22)

In order to maintain this condition of equality, it can be argued that both the left
side and the right side of Equation (21) must be equal to the same constant. Because the
left side of the equation contains only functions of „x‟ and the right side of the equation
contains only functions of „t‟, any other argument would lead to an inequality if one
variable is changed and the other is held constant. Thus a separation constant can be
assigned:

Which can yield two more easily solvable ordinary differential equations:
(23)
(24)
Now, once „X‟ and „T‟ are solved for, they can be back substituted into Equation
(21) to produce a solution for w(x,t) which can in turn be back subsituted into Equation
(7) to provide a solution to the initial problem. It is first necessary to resolve the
boundary conditions given these new forms of the equation.

Boundary Condition #1 ( w(0,t) = 0 )
Looking at Equation (21):
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Which means that either X(0) = 0 or T(t) = 0. It leads to reason that T(t) cannot equal
zero for all „t‟ or else w(x,t) would always be zero which would lead the solution (through
appropriate back-substitution) of C(x,t) to equal C0 for any „t‟ or „x‟. Since it is apparent
that this not to be the case, it follows that:
(25)

Boundary Condition #2 ( dw(l,x)/dt = 0 )
Looking at Equation (14) and Equation (21):

Since T(t) cannot equal zero:
(26)
Equation (23) and Equation (24) will now be solved for these new boundary
conditions (the initial condition will be applied later on in this derivation). In order to
produce general solutions to these equations, it is necessary to determine the nature of our
constant ‟ ‟. The solution will be different depending on whether it is positive, negative
or zero. These three cases will be analysed:
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Case 1 :

>0

To ensure that

will be positive, let

=

2

where

is real and positive, then from

Equation (23):

The general solution for this differential equation is (as given by Maple):

where k1 and k2 are constants that need to be solved for from the boundary conditions.
However, application of boundary condition #1 „X(0)=0‟ (Equation (25)) shows that k2
must be zero:

and the application of boundary condition #2 (Equation (26)):

and since k2 = 0 :

and it has already specified that for this case

cannot equal zero, therefore it

follows that k1 must equal zero. This would make X(x) equal to zero for all „x‟, making
w(x,t) equal to zero for all „x‟, giving us the solution to the differential equation of C(x,t)
= C0 which again is known to be not true, and thus it follows that
zero.
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cannot be greater than

Case 2 :

=0

This would make (23) :

Making the general solution to this differential equation:

Applying boundary condition #1 „X(0)=0‟ (Equation (25)) shows that k2 must be zero:

Applying boundary condition #2 (Equation (26)):

This again would make X(x) equal zero for all „x‟, and following the rational from
case 1, it is known that this cannot be true, therefore

Case 3 :

cannot be zero.

<0

To ensure that

will be negative, let

=-

2

where

is real and positive, then

from Equation (23):

The general solution for this differential equation is (as given by Maple):
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Applying boundary condition #1 „X(0)=0‟ (Equation (25)):

Applying boundary condition #2 (Equation (26)):

since k2 is zero:

In order for this equation to hold true:

X(x) is therefore proportional to:

as k1 is an arbitrary constant, we will use it as the proportionality constant, giving
the solution of:

(27)

and it follows that:
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Back substituting into Equation (23) gives:

Allowing to solve for the constant „ ‟:

Now substituting this into the second differential equation which was a function of
„t‟ (Equation 24):

This differential equation has a simple exponential solution:

(28)

Taking the derivative of this equation allows for a check to ensure that the solution
holds when substituting everything back into Equation (24):
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Putting the solutions for T and X (Equation (27) and Equation (28)) back into
Equation (21) (w(x,t) = X(x)T(t)):

It follows that this equation can be put into an infinite series where the arbitraty
proportionality constant (k1) is split into a series of arbitraty proportionality constants
(cn):

(29)

It is now necessary to satisfy the initial condition (Equation (16)) in order to
provide a final solution that meets all of the required conditions (solves for our values of
cn).

223

This equation now takes the form of a Fourier sine series :

Taking f(x) as our initial condition:

This produces an equality for which the proportionality constants (cn) can be
solved for using the equation for Fourier coefficients in a Fourier sine series:

(30)

In order for this Fourier series to apply, f(x) must be an „odd function‟ which
means that it must satisfy:

And the function will only apply over

if the function is not periodic.

As the function satisfies the condition of being an „odd function‟, and the model is only
concerned with diffusion over the range

, Equation (29) can be used to solve for

the proportionality constants in the infinite series.
The general solution20 to Equation (30) is:

20

The mathematics from this point on become lengthy, and for this reason, maple was used to verify all
derivations. The maple results are appended to the end of this appendix section for reference.
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Realising that for any „n‟, sin( n) = 0, and this can be simplified to:

Coupling this equation with Equation (29) produces the solution to w(x,t),
however, it is necessary to back subsitute this solution into Equation (7) (along with
knowing that v(x) = C0), so the final solution to Fick‟s second law of diffusion for our
given boundary conditions can be produced:

(31)

where

(32)

There is no simple solution to this infinite series, therefore it is prudent to solve it
for over a finite range. Through analysis (shown shortly), it was found that five terms
was sufficient to provide adequate tolerance, so Equation (31) was solved to five terms.
Here is the five term solution with the proportionality constants from Equation (32)
included in the solution:
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(33)

To test the solution for the boundary and initial conditions, the according values are
subbed back into the solution:

Boundary Condition #1 :

And since sin(0) = 1, all the terms but the first become zero, giving the stipulated
boundary condition:
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Boundary Condition #2 :

The derivative of Equation (33) with respect to time is:

and then subbing in „l‟ for „x‟:

and since

, for n = 1,2,3 …, all of the terms go to zero,

satisfying the boundary condition:
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Initial Condition :

Since all of the exponentials are raised to the power of zero, they are all unity:

Grouping –J/D gives:
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Therefore the error for the initial condition is given by the deviation of the xn and
x over the range of

. The deviation of xn and x for the one term solution

(n=1), five term solution (n=5) and the boundary condition (thick black line) is given here
to illustrate the deviation from the calculated solution and the boundary condition. It was
found that the deviation between the calculated numerical solutions and „x‟ (in
percentages) did not depend on the numerical values of „x‟ and „l‟ inputted into the
model. For this reason, this figure works for the general case of any „x‟ or „l‟ values:

Figure 3 - The deviation between numerical solution (n=1 and n=5) and the initial condition (thick
black line)

Here, it can be seen that the deviation between the initial condition and the
numerical solution to the initial condition solved to five terms is sufficiently small, hence
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the reason for the selection of n=5. While solving Equation (31) to more than five terms
does increase the accuracy of the calculation of the initial condition, it does not justify the
increase in calculation time for the model. It should also be noted that an increase in
iterations to 10 or 20 does not significantly increase the accuracy of the initial condition
calculation.
Thus Equation (33) provides a numerical solution to Fick‟s second law for the
defined system. It is still required to put this equation into a form where the effect that it
has on potential loss at the cathode due to diffusion or mass transport losses can be
predicted.
The equation that relates these diffusion losses to potential drop ( E) was derived
in Appendix III and is given here:

(34)

Since Equation (34) shows that the potential drop is a function of a partial pressure
ratio (ratio between the pressure of oxygen at the cathode-electrolyte interface and the
pressure of oxygen in the bulk air supply), and pressure is a function of solely gas
concentration at constant temperature and pressure, this pressure ratio can change into a
concentration ratio (which is the form in which we solved Fick‟s law):
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The concentration of oxygen in the „bulk cathode air supply‟ was defined by the
boundary condition in Equation (5) as C0, and the concentration of oxygen at the cathodeelectrolyte interface is C(l,t), giving us a drop in potential that varies with time:

(35)

Taking the Fick‟s solution (Equation (33)) and substituting „l‟ for „x‟, a function for C(l,t)
is produced:

It is possible to simplify the equation by identifying that
+1 when „n‟ is odd and -1 when „n‟ is even.

Subbing this into Equation (35):
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equals

Simplified to:

Which is the solution in the form that it was used in this study.
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Appendix V – Maple Verification for Appendix IV
>
>

>

>

>

>
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>
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This portion is used to verify the boundary and initial conditions
>

> Verifying the initial condition given arbitrary inputs as an example
>
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> Error in the initial condition based on the numerical solution
>

> Verification of the two boundary conditions for the numerical solution
>

>

>

>

>
>
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>
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Appendix VI – Current Interrupt Summary (Ohmic)
In this study, 15 LT-SOFC samples were tested, each at 5 different operating
temperatures with 10 interrupt experiments conducted at various current densities at each
operating temperature. Each interrupt experiment was conducted over two timescales
(one to determine ohmic loss, the other to determine cathodic loss), giving a total of 1500
graphs (minus a dozen or so due to technical data acquisition errors). For this reason,
only a representative sample of the raw data will be provided here.
This appendix gives the summary of the ohmic losses measured for each sample at
5 different operating temperatures, in a similar form as shown in Figure 5.24. It is
important to note that this is raw data, and the ohmic potential is for the whole cell. To
determine the electrolyte conductivity, the contribution from the cathode was removed.
All cells measured had a surface area of 1 cm2, thus all currents shown can be transferred
to units of mA/cm2.
Each data point on the graphs in this appendix were produced by identifying the
ohmic portion of a current interrupt experiment as described in Section 5.1.6 and shown
in Figure 5.15 through Figure 5.23.
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Ohmic Polarisation of Sample Cell
(Cathode : 90wt% Gd0.9Sr0.1O3 - 10wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 80wt% Gd0.9Sr0.1O3 - 20wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 70wt% Gd0.9Sr0.1O3 - 30wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 60wt% Gd0.9Sr0.1O3 - 40wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 50wt% Gd0.9Sr0.1O3 - 50wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 80wt% Gd0.8Sr0.2O3 - 20wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 70wt% Gd0.8Sr0.2O3 - 30wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 60wt% Gd0.8Sr0.2O3 - 40wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 50wt% Gd0.8Sr0.2O3 - 50wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 90wt% Gd0.7Sr0.3O3 - 10wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 80wt% Gd0.7Sr0.3O3 - 20wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 70wt% Gd0.7Sr0.3O3 - 30wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 60wt% Gd0.7Sr0.3O3 - 40wt% Electrolyte)
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Ohmic Polarisation of Sample Cell
(Cathode : 50wt% Gd0.7Sr0.3O3 - 50wt% Electrolyte)
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Appendix VII – Current Interrupt Summary
(Catalytic)
In this study, 15 LT-SOFC samples were tested, each at 5 different operating
temperatures with 10 interrupt experiments conducted at various current densities at each
operating temperature. Each interrupt experiment was conducted over two timescales
(one to determine ohmic loss, the other to determine cathodic loss), giving a total of 1500
graphs (minus a dozen or so due to technical data acquisition errors). For this reason,
only a representative sample of the raw data will be provided here.
This appendix provides current interrupt data for all samples at 5 different
operating temperatures. Complete data for the sample with a cathode consisting of
Gd0.8Sr0.2CoO3 with 10 wt% electrolyte will be shown in its entirety (the sample with the
best performance). Summary graphs will be provided for all of the other samples. It
should be noted that the raw data for all samples was completely analysed, but is omitted
here to reduce length of the appendix. The current interrupt data shown in this appendix
has the ohmic portion of the data removed, as found in Figure 5.29 through Figure 5.37.
The experimental data (grey data points) are shown with the model fit (solid black line),
which is separated into its two components: diffusion loss (long dashes) and cathode
catalytic loss (short dashes).
Tafel plots are provided for all samples at all operating temperatures, in a form
similar to Figure 5.38. These graphs show the data points as well as the „high current
density regime‟ fit.
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 550oC (Page 1 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 550oC (Page 2 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 550oC (Page 3 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 550oC (Page 4 of 4)

Tafel Plot
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 550oC
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 575oC (Page 1 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 575oC (Page 2 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 575oC (Page 3 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 575oC (Page 4 of 4)

Tafel Plot
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 575oC
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 600oC (Page 1 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 600oC (Page 2 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 600oC (Page 3 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 600oC (Page 4 of 4)

Tafel Plot
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 600oC
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 625oC (Page 1 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 625oC (Page 2 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 625oC (Page 3 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 625oC (Page 4 of 4)

Tafel Plot
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 625oC
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 650oC (Page 1 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 650oC (Page 2 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 650oC (Page 3 of 4)
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Current Interrupt Model Fit (Ohmic Portion Removed)
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 650oC (Page 4 of 4)

Tafel Plot
90wt% Gd0.8Sr0.2O3 - 10wt% Electrolyte @ 650oC
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Tafel Plot (Cathode : 90wt% Gd0.9Sr0.1O3 - 10wt% Electrolyte)
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Tafel Plot (Cathode : 80wt% Gd0.9Sr0.1O3 - 20wt% Electrolyte)
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Tafel Plot (Cathode : 70wt% Gd0.9Sr0.1O3 - 30wt% Electrolyte)
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Tafel Plot (Cathode : 60wt% Gd0.9Sr0.1O3 - 40wt% Electrolyte)
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Tafel Plot (Cathode : 50wt% Gd0.9Sr0.1O3 - 50wt% Electrolyte)
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Tafel Plot (Cathode : 80wt% Gd0.8Sr0.2O3 - 20wt% Electrolyte)
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Tafel Plot (Cathode : 70wt% Gd0.8Sr0.2O3 - 30wt% Electrolyte)
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Tafel Plot (Cathode : 60wt% Gd0.8Sr0.2O3 - 40wt% Electrolyte)
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Tafel Plot (Cathode : 50wt% Gd0.8Sr0.2O3 - 50wt% Electrolyte)
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Tafel Plot (Cathode : 90wt% Gd0.7Sr0.3O3 - 10wt% Electrolyte)
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Tafel Plot (Cathode : 80wt% Gd0.7Sr0.3O3 - 20wt% Electrolyte)
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Tafel Plot (Cathode : 70wt% Gd0.7Sr0.3O3 - 30wt% Electrolyte)
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Tafel Plot (Cathode : 60wt% Gd0.7Sr0.3O3 - 40wt% Electrolyte)
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Tafel Plot (Cathode : 50wt% Gd0.7Sr0.3O3 - 50wt% Electrolyte)
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Appendix VIII – CIM Validation
Calibration experiments were performed to ensure the validity of the current
interrupt experimentation in the body of this work. This was important, especially due to
the response time of the solid state switch used for initiating the interrupt event. It was
observed that this response time was approximately three orders of magnitude slower than
those seen in literature [71,72].
This calibration experiment was performed using an identical experimental setup
to that outlined in Section 4.9 and followed the identical procedure to that outlined in
Sections 5.1.6 and 5.2. In lieu of fuel cell samples, an equivalent circuit was used in
calibration testing with off the shelf electronic components.
The sample used as a reference was the „90wt% Gd0.8Sr0.2CoO3 – 10wt%
Electrolyte‟ cathode sample at 650oC. This sample had a resistance value of 15.91

/cm2

, a exchange current density of 16.86 A/m2 and a charge transfer coefficient of 0.688
leading, which resulted in a cathode potential loss of 0.369 V at 1 A/cm2. While it is
understood that calibrating to one sample is not a rigorous statistical calibration, the aim
of this portion of the study is only to determine the approximate error involved in the
current interrupt experiment.
The circuit used a set of parallel resistors with an equivalent resistance of 15.9
to represent the ohmic equivalent resistor, a set of parallel capacitors with equivalent
capacitances between ~300 – 600 F for the double layer capacitance element, and a set
of parallel resistors with equivalent resistances of ~ 10.5 – 16
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that represent the cathode

polarisation resistance21. A variable voltage supply was used to tune the current density
of the equivalent circuit to mimic the current densities from the experiment being
calibrated.
The summary of the important parameters determined from the current interrupt
experiments are given in Table 1, for both the experimental work and calibration testing.
Table 1 – Calibration Summary

Experimental
Ohmic Loss ( )
Exchange Current (A/m2)
Charge Transfer Coefficient
Cathode Polarisation at 1 A/cm2

15.91
16.86
0.688
0.369

Equivalent
Circuit
16.06
17.09
0.700
0.361

% Increase for Equivalent
Circuit Values
0.94%
1.42%
1.78%
-1.96%

According to the calibration tests, it appears that the error associated with the
experimental setup used is within acceptable limits. The expected result was observed
(for a switch with a slow response): an over-prediction of the ohmic polarisation, and an
under-prediction of the cathode polarisation. This is due to the fact that the capacitive
double layer of the electrode begins to discharge during the current interruption event
initiated by the switch. The amount of polarisation drop of the capacitive double layer
during this event is observed as ohmic polarisation using this technique, ultimately
providing an experimentally determined ohmic polarisation that is slightly larger than the
true value. The inverse is true when determining the cathode polarisation, resulting in the
aforementioned under-prediction of this value.

21

The resistance and capacitance values of the double layer capacitor and the cathode polarisation resistor
varied at each current density to mimic the values determined by the empirically determined for this sample
in the body of this study.
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The summary graph used to determine the ohmic loss in the equivalent circuit is
given in Figure 1 with the linearly interpolated value from the fuel cell data given as
comparison.

Figure 1 – Ohmic potential of the equivalent circuit and the sample being calibrated (dashed line)

The Tafel plot of the cathode polarisation of the equivalent circuit sample is given
in Figure 2 along with the experimental data for the fuel cell sample investigated in the
body of this work for comparison.
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Figure 2 – Tafel plot of the equivalent circuit and the sample being calibrated (dashed line) with the
Tafel slopes and intercepts shown

The current interrupt experiments on the equivalent circuit are given in Figures 3
through 22. Figures 3 through 12 were produced from the current interrupt experiments
performed to isolate the ohmic potential loss, in these figures, the voltage prior to
interrupt was adjusted to ~0 V for easier comparison of figures. Figures 13 through 22
were produced from the current interrupt experiments performed to model the cathode
potential loss. In these figures, the ohmic portion of the current interrupt experiment was
removed, and the model fit data is shown (solid line).
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Figure 3 – Current interrupt experiment on the equivalent circuit sample (dark data set – primary xaxis) with the time derivative (light data set – secondary y-axis) for 0.488 mA

Figure 4 – Current interrupt experiment on the equivalent circuit sample (dark data set – primary xaxis) with the time derivative (light data set – secondary y-axis) for 1.047 mA
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Figure 5 – Current interrupt experiment on the equivalent circuit sample (dark data set – primary xaxis) with the time derivative (light data set – secondary y-axis) for 2.187 mA

Figure 6 – Current interrupt experiment on the equivalent circuit sample (dark data set – primary xaxis) with the time derivative (light data set – secondary y-axis) for 2.955 mA
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Figure 7 – Current interrupt experiment on the equivalent circuit sample (dark data set – primary xaxis) with the time derivative (light data set – secondary y-axis) for 4.033 mA

Figure 8 – Current interrupt experiment on the equivalent circuit sample (dark data set – primary xaxis) with the time derivative (light data set – secondary y-axis) for 5.075 mA
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Figure 9 – Current interrupt experiment on the equivalent circuit sample (dark data set – primary xaxis) with the time derivative (light data set – secondary y-axis) for 6.415 mA

Figure 10 – Current interrupt experiment on the equivalent circuit sample (dark data set – primary
x-axis) with the time derivative (light data set – secondary y-axis) for 7.400 mA
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Figure 11 – Current interrupt experiment on the equivalent circuit sample (dark data set – primary
x-axis) with the time derivative (light data set – secondary y-axis) for 8.753 mA

Figure 12 – Current interrupt experiment on the equivalent circuit sample (dark data set – primary
x-axis) with the time derivative (light data set – secondary y-axis) for 10.011 mA
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Figure 13 – Current interrupt experiment on the equivalent circuit sample with the ohmic portion
removed and the R-C model fit shown (solid line) at 0.488 mA

Figure 14 – Current interrupt experiment on the equivalent circuit sample with the ohmic portion
removed and the R-C model fit shown (solid line) at 1.047 mA
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Figure 15 – Current interrupt experiment on the equivalent circuit sample with the ohmic portion
removed and the R-C model fit shown (solid line) at 2.187 mA

Figure 16 – Current interrupt experiment on the equivalent circuit sample with the ohmic portion
removed and the R-C model fit shown (solid line) at 2.955 mA
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Figure 17 – Current interrupt experiment on the equivalent circuit sample with the ohmic portion
removed and the R-C model fit shown (solid line) at 4.033 mA

Figure 18 – Current interrupt experiment on the equivalent circuit sample with the ohmic portion
removed and the R-C model fit shown (solid line) at 5.075 mA
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Figure 19 – Current interrupt experiment on the equivalent circuit sample with the ohmic portion
removed and the R-C model fit shown (solid line) at 6.415 mA

Figure 20 – Current interrupt experiment on the equivalent circuit sample with the ohmic portion
removed and the R-C model fit shown (solid line) at 7.400 mA
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Figure 21 – Current interrupt experiment on the equivalent circuit sample with the ohmic portion
removed and the R-C model fit shown (solid line) at 8.753 mA

Figure 22 – Current interrupt experiment on the equivalent circuit sample with the ohmic portion
removed and the R-C model fit shown (solid line) at 10.011 mA
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