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Abstract

Solid oxide cells (SOCs) are highly efficient electrochemical energy conversion devices
capable of on-demand, reversible energy conversion: chemical energy into electricity and
vice versa. Operating at intermediate to high temperatures, SOCs have a great potential
for high conversion efficiencies using a wide variety of reactants, including carbon

dioxide (CO2) and low-grade fuels such as biogas.

An enhanced understanding of the electrochemical reactions occurring at the triple phase
boundary (TPB) active sites of the electrodes and the cell degradation mechanisms is
critical to the development of the robust, reversible SOCs. Nickel-based electrodes,
commonly used in SOCs, are susceptible to carbon deposition and poisoning by
contaminants, such as sulfur and silica, causing detrimental effect on the electrochemical

performance of the SOCs.

The research aims of this work were threefold. First of all, an electrochemical reactor
capable of simultaneous vibrational Raman spectroscopy, voltammetry and
electrochemical spectroscopy measurements of operating SOCs was developed; creating
a high temperature operando Raman spectroscopy research capability at the University
of Sheffield.

Secondly, in situ formation of the carbon deposits on Ni-YSZ electrodes with applied
negative bias exposed to a CO.-CO atmosphere was studied using the reactor developed
previously. The applied bias has shown to promote carbon deposition on the Ni-YSZ
surface. The post-mortem analysis showed carbon nanofibers formation at the Ni-
YSZ/electrolyte interface as well as presence of larger deposits with disordered carbon
structure (D1/G ratio higher than 1.5) on the electrode surface at 700 °C and 50/50
CO2/CO ratio.

Lastly, a novel concept of using mixed ionic-electronic conducting oxides as SOC
electrodes, consisting of a samarium-doped ceria oxygen ion-conductive phase and an
oxygen-deficient cobalt iron oxide phase, to extend the reaction sites from the traditional
TPB, was investigated. Samples sintered in N2 atmosphere showed increased electrical

conductivity compared to the ones sintered in air.
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1 Introduction

Currently fossil fuels provide the majority of the world’s energy needs, resulting in
increasing levels of greenhouse gases (GHGS), such as carbon dioxide (CO2), methane
(CHa4), water vapour and nitrogen oxides (NOx) released during the combustion processes.
GHG is a gas in the atmosphere that absorbs and emits infrared radiation, causing a
warming process also known as greenhouse effect. Although CO2 makes up only 0.04%
of the atmosphere it has a significant impact on climate dynamics (Bindoff et al., 2013).
Even at such a low concentration, CO> absorbs infrared radiation and enhances the
greenhouse effect, posing a serious environmental threat and a leading cause of global
climate change (Davis et al., 2010). Although both natural and anthropogenic CO: are
present in the atmosphere, human activity, such as burning of fossil fuels, farming,
deforestation, and industrial processes is by far the largest contributor to the observed
increase in atmospheric CO; levels. Man-made CO; emissions into the atmosphere are
approximately 36 billion tonnes per year (2015 statistics (EDGAR, 2016) are more than
a hundred times larger than the maximum amount of the estimated volcanic CO; flux
(Farmer and Cook, 2013). Among the many human activities, the use of energy accounts

for an immense 68% of all estimated GHG emissions as shown in Figure 1-1.
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Figure 1-1. 2014 estimated shares of global anthropogenic greenhouse gases (Source: International
Energy Agency (IEA)) [4].

Although water vapour is the most abundant GHG, it has a very short atmospheric lifetime
and, therefore, is not considered a high risk. Despite the fact that CO2 potency is
considerably lower compared to other GHG, its continuous accumulation and heat
trapping abilities raise concerns. The Global Warming Potential (GWP) of CH4 and N.O
are estimated to be at least 28 and 265 times higher over a 100-year period compared to
that of CO2 (GWP = 1), respectively (EPA, 2016). In 2017, according to the observations
collected by the U.S. National Oceanic and Atmospheric Administration, the atmospheric
CO2 concentration reached 404 ppm; that is 120 ppm higher than before pre-industrial
times (NOAAA, 2017).

The increasing atmospheric concentrations of CO2 will inevitably have negative
implications on the environment and global ecology. A particular concern is the rise in
ocean temperatures and acidification affecting marine ecosystems (Hall-Spencer et al.,
2008).

Carbon Capture and Sequestration (CCS) mitigation of large scale CO; release, such as
industrial power plants, directly at the emission sources and storing it in geological
formations, has been suggested. However, high costs associated with capturing and
compressing CO2 make it not economically feasible incentives and regulatory
mechanisms are required. In fact, in 2015 UK’s government withdrew £1 billion of
funding from the competition to pioneer this technology development due to concerns
over future costs to consumers, leading to its cancellation (BBC, 2015). Furthermore,

there are unknown environmental and ecological impacts associated with storing CO>
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deep under water that can arise from uncontrolled releases, such as leaks and faulty

equipment across the plant and transport pipeline.

At the UN climate change conference in Paris (COP21) at the end of 2015 the EU pledged
to reduce emissions by at least 40% by 2030 to achieve a long-term goal of reducing the
global average temperature to below 2°C above the pre-industrial levels; the first-ever
universal, legally binding global climate deal (European Commission, 2016). Instead of
storing the captured CO. underground, it can be used as a valuable feedstock to produce
chemicals and fuels in a process called carbon capture and utilization (CCU). CCU can
be deployed in addition to CCS as a part of a more feasible short-term implementation

strategy to achieve ambitious targets of carbon reduction.

1.1 Carbon Capture and Utilisation (CCU)

CCU is aimed at recycling CO2 into useful products such as synthetic fuels and valuable
chemicals (Aresta, 2010, Styring et al., 2014). It is commercially attractive because it
regards CO- as a chemical feedstock rather than a liability, in contrast to the alternative
CCS mitigation scenario. Although converting carbon dioxide into chemicals will not
reduce the anthropogenic CO> emissions drastically due to mismatch between the amount
of CO; produced globally (estimated 20 gigatonnes of carbon dioxide per annum) and
need for chemicals (<100 megatonnes per annum), it could still be a key enabling
technology in cutting emissions and influencing the use of renewables and promoting

recycling behaviour towards waste reduction.

One area where CCU technology could make a substantial difference in reducing
anthropogenic CO> emissions is the electrochemical conversion of CO> into synthetic

hydrocarbon fuels to create a closed-loop carbon-neutral fuel cycle (Styring et al., 2014).

1.2 Fuels from CO;

Although, in recent years, there has been increased development of electric propulsion
systems, conventional hydrocarbon fuels will continue to be needed as it will take decades
to transform the existing infrastructure to accommodate carbon-free energy carriers, such
as compressed hydrogen, batteries, and supercapacitors. The transportation industry,
particularly marine and airlines, will continue to rely on high energy density fuels. In the

meantime, however, more sustainable alternatives should be used to produce synthetic
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liquid fuels, slowly moving away from fossil and biomass feedstocks (European Expert
Group, 2011, Metzger et al., 2013).

There is a natural carbon cycle in the atmosphere that has been significantly affected by
the humans burning carbon-containing fuels for energy. To avoid further GHGs
accumulation and to reduce the risk of catastrophic climate change, the closed carbon
cycle approach is necessary (Styring et al., 2014). To reduce anthropogenic CO-
emissions, the electrochemical reduction should be powered by renewable energy sources
such as wind, solar and hydropower and/or nuclear energy. In the long run the shift to
negative carbon production is needed and can only be achieved by a combined

technological approach in using CO> as raw material for large-scale industrial processes.

One of the many ways of utilising CO: is to electrochemically convert it into fuels and
value-added chemicals by reacting it with H>. Capturing CO> from air and large industrial
plants would create a closed carbon cycle. The CO: fuels produced in a carbon-neutral
manner can be stored as chemicals, easing the delivery to the end-consumer and providing
balancing capacity for supply and demand of intermittent renewable energy during peak

and off-peak times.

CO:2 can be electrochemically dissociated into carbon monoxide (CO) or simultaneously
electrolysed with steam to produce syngas, a mixture of hydrogen and carbon monoxide
(Hz2 + CO) as well as methane (CHa), ethylene (C2Ha), formic acid (HCOOH), methanol
(CH30H) and ethanol (C2HsOH), depending on the catalyst and cell parameters used.
Syngas can be used as a precursor for the Fischer-Tropsch process (or similar catalytic
fuel synthesis) to produce long chain, synthetically-derived hydrocarbon fuels that can be

directly and conveniently utilized in current infrastructure.

Graves et al. (2011) reviewed different CO> recycling processes including electrolysis,
photoelectrolysis and thermochemical cycles forming a comprehensive summary of the
available CO. and H2O dissociation pathways, as presented in Figure 1-2. The two
sources of the feedstock CO> are atmospheric air and stationary sources such as heavy
industry. The CO: capture technologies are typically based on chemical absorption,
adsorption processes, or membrane separation (Yu et al., 2012, Yang et al., 2008). There
are different sources of energy can be used for power: solar, nuclear, wind, hydro and

geothermal.
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Figure 1-2. A map of possible CO2 and H20 dissociation pathways (Graves et al., 2011).

High temperature Solid Oxide Cell (SOC) technology is a suitable contender for efficient
and sustainable utilisation of CO> (Wachsman et al., 2012). It has the highest potential
efficiency for conversion of fuel to electricity and vice versa, as well as the ability to
operate on any hydrocarbon fuel, hydrogen or biomass. SOCs find particular use in
stationary, distributed power generation and combined heat and power (CHP)
applications. The waste heat utilisation alongside the operating SOC stack enables a total

efficiency close to 90% (Huang and Goodenough, 2009).

1.2.1 Electrochemical Energy Conversion using Solid Oxide Cells

The biggest advantage of SOC technology over other similar energy conversion methods
is its versatility. SOCs are fuel flexible, capable of operating on both conventional liquid
fuels and alternative fuels like hydrogen or biofuel. Depending on the fuel and cell
geometry and materials, the operating temperature of an SOC can be reduced. Most
important, however, is the ability to operate in reverse, expending or producing energy
on-demand providing a mechanism for storing renewable electricity when it could

otherwise not be used. Figure 1-3 shows three common electrolysis routes for CO, and
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H>O: H.O electrolysis used for CO2 hydrogenation, simultaneous H.O and CO: co-
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Figure 1-3. High temperature electrolysis routes for CO2 and/or H20 splitting and fuel production

using renewable energy sources.

Understanding co-electrolysis of steam and COz is complicated by the competing water-
gas shift reaction, however, with an increased amount of effort directed at understanding
the electrochemical performance of SOCs through experimental and modelling work,
significant progress has been made. Now the focus has shifted towards lowering the
operating temperature whilst continuing to improve SOC power density (Wachsman et
al., 2012). Lower operating temperatures will decrease the operating costs, speed up the
start-up procedure, facilitate the use of other metal catalysts, and open new opportunities

for material and component selection.

However, lowering the operating temperature can also pose the risk of carbon deposition
during CO2 electrolysis and deactivation of active catalytic sites. Currently, only a
handful of research groups (e.g. Montana State University (USA) (Pomfret et al., 2008b)
and Imperial College London (UK) (Duboviks et al., 2015, Brightman et al., 2012b)) have
used vibrational spectroscopy alongside traditional electrochemical measurements to
study carbon deposition to gain an understanding of the reaction mechanism(s), aiding

the development of impurity-tolerant SOC electrode materials.
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SOC technology is still under development, however, in the last decade an immense amount
of progress has been made, and the technology is slowly becoming commercially available.
First SOFC stacks have already been introduced to Microsoft data centres (SOLIDpower,
2017) and UK-based Ceres Power and Cummins Inc. are developing a novel, modular 5 kW
SOFC system that is scalable up to 100 kW, for use in data centres at first and further
application to other markets such as commercial combined heat and power (CHP) and electric
vehicles (Elsevier, 2016).

1.3 Research Aims

The research aims of this thesis are fourfold. Firstly, there was a need for designing,
fabricating and commissioning a reactor and portable test station for simultaneous
electrochemical and spectroscopic analysis of SOCs. It was the first attempt to build this
kind of reactor in-house which was required to be versatile and robust at high
temperatures under highly reducing and/or oxidising atmospheres. The main
attractiveness of the reactor was the ability to easily modify the setup to be used with
different vibrational spectroscopy techniques, expanding the capabilities of the research
group. As with any new product development the extensive commissioning process and

continuous improvement of the design were required.

Secondly, the in-house development of SOCs components and assemblies was
investigated. This aimed at reducing the overall cost of cells by applying different
fabrication methods (e.g. tape casting, screen printing or infiltration) and sintering
profiles, allowing for greater selection of materials and control of microstructure and cell

geometries.

Thirdly, and most importantly, this work aimed to capture and understand the
electrochemical processes occurring during real-time operation of SOC was investigated.
Particularly, under the conditions that were borderline susceptible to carbon deposition,
which can adversely affect the performance of the cell. Operando Raman spectroscopy
provides additional information about the chemical transformation occurring on the
surfaces of the fuel electrode during CO: electrolysis as well as an insight to the degree
of structural disorder of carbon deposits. The specimens are analysed post-mortem using
Scanning Electron Microscopy (SEM) to reveal microstructural degradation that occurred
during cell operation.
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Lastly, a significant part of the thesis is dedicated to development of novel ceramics based
on mixed ionic-electronic conductors to electrodes for intermediate to high temperature
range of solid oxide cells SOCs.

1.4 Thesis Structure

Chapter 2 introduces the fundamental principles of SOC operation and the material
requirements for different operating temperatures. The fundamentals of the key analysis
techniques, electrochemical impedance spectroscopy (EIS) and Raman spectroscopy
(RS) are also discussed in this chapter. The basic reaction mechanisms and
thermodynamics are outlined to provide the background required for later discussion and
interpretation of the results. It is followed by a literature review, presenting the latest
developments in knowledge on CO. conversion using SOC and the use of vibrational
spectroscopies to identify deleterious phase transformations and carbon formations
during cell operation. The review also covers novel material development for SOC

applications.

Chapter 3 describes the experimental methods and procedures for material processing,
pellet and SOC sample fabrication, testing and analysis; as well as different techniques
used to analyse material properties, sample characteristics, and electrochemical
performance (including data quality).

Chapter 4 outlines the development and commissioning of the electrochemical reactor for
operando measurements of SOCs, and the importance of data correction for inductive

artefacts from the equipment and other surroundings.

Chapter 5 presents the operando experimental results collected during CO> electrolysis —
the electrochemical performance of cells and Raman spectroscopy measurements. The
ex situ investigations and data analysis are followed by a chapter discussion and

conclusions.

Chapter 6 features novel materials development for SOCs based on mixed ionic-
electronic conductors.  X-ray diffraction (XRD) and 4-point DC conductivity
measurements are used to characterise the materials phase and electrical conductivity,
respectively. Different analysis techniques are employed to investigate the material

properties.
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Finally, in Chapter 7 the overall conclusions and recommendations for further work are

presented.



2 Literature Review

High temperature Solid Oxide Cells (SOCs) has recently attracted great interest for future
power generation due to their high potential efficiency, low emissions, and fuel
flexibility. This chapter will introduce state-of-the-art SOC technology including the
operating principles, general requirements, electrochemical reactions, and
thermodynamics. This will be followed by the literature review of the current research
activities in the SOCs field.

As previously mentioned, SOCs are reversible devices and can be operated in electrolysis
and/or fuel cell modes. Although the work in this dissertation mainly focuses on

electrolysis operation, for clarity, both concepts will be discussed.

2.1 Working principles Solid Oxide Cells

A SOC is a solid-state electrochemical device comprising of two porous electrodes
separated by a dense, ion-conducting electrolyte. In fuel cell mode, the SOC oxidises the
feed and produces electricity, whereas in electrolysis mode, the electricity is utilised and
the feed is reduced, as shown in Figure 2-1. In both scenarios, the oxygen ions are
transported from the cathode to the anode across the solid oxide electrolyte. The SOCs
are manufactured in different geometries (e.g. planar, tubular and flat tubular) and
configurations (e.g. fuel electrode, electrolyte or metal-supported). Depending on the
configuration of the cell, the thickness of the electrolyte ranges between 5 and 250 pm.
The minimum electrolyte thickness in the electrolyte-supported cells is usually ~150 pum

(Joo and Choi, 2008), hence the operating temperature is often higher to compensate for
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the high ohmic loss (Will et al., 2000). The electrodes contain both metallic and ceramic

components, also referred to as a cermet, to ensure good contact of ions, electrons and

reacting chemical species, necessary for electrochemical reactions to occur. A region of

contact between these three phases is known as a triple phase boundary (TPB) and spread

from the electrode/electrolyte interface into the electrode volume as shown in Figure 2-2.

It illustrates the percolating network of active and inactive TPB sites due to lack of

connectivity in the electronic and ionic phases of Ni-YSZ electrode. The length of TPB

is clearly affected by the structure and composition and is typically concentrated within
10 um from the electrolyte (Gorte and VVohs, 2003, Brown et al., 2000).
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Figure 2-1. Schematic diagram of a solid oxide cell operated as electrolysis cell (left) and as a fuel

cell (right).
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Figure 2-2. Schematic drawing of a triple phase boundary in the SOC fuel electrode (courtesy of

Dr D. J. Cumming).

2.2 Thermodynamics

The dissociation of CO,, H.O or a mixture of both is an endothermic reaction. The

reactions and their associated enthalpies are shown in equations (2.1 and (2.2).

Hzo i HZ + 1/202 AH298K = 286 k] m0l_1
(2.1)
COZ - CO + 1/202 AH298K = 283 k] mOl_l
(2.2)
The energy change of each reaction is given by:
AH = AG +TAS
(2.3)

where AH is the enthalpy change of the reaction (total thermal energy available); T is the
absolute temperature; AS is the molar entropy change; and AG is the Gibbs free energy.
The term TAS represents the heat demand to split the water or CO,. The thermodynamic
data for these reactions is presented in Figure 2-3. In both cases, 4G, the electric energy
demand for the dissociation reaction, decreases with temperature, reducing the useful
electrical work requirement. The heat demand (TA4S) gradually increases with
temperature, resulting in only a slight increase in thermal energy demand, A4H. H-O and
CO; splitting processes cannot proceed below 286 kJ mol™? and 283 kJ mol™ without

external energy source, respectively. The overall feasibility of the reaction depends on
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the sign of AG. If AG is positive, like here, the process is non-spontaneous and requires

an input of energy.

H,0 > H, + %0, CO, > CO + %0,
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Figure 2-3. Thermodynamics of H2O and CO: dissociation reactions at atmospheric pressure as a
function of temperature obtained from HSC® Chemistry software. The abrupt changes in A4H, AG

and TA4S at 100°C are due to vaporization of liquid water into steam.

From a thermodynamic perspective, it is advantageous to operate at high temperature due
to the energy requirements for H.O and/or CO- electrolysis as both of the reactions are
endothermic. The necessary heat can be obtained from solar concentrators or waste heat
from combined heat and power stations or nuclear power plants (Singh et al., 2009).
Furthermore, the reaction Kinetics increases at high temperatures, leading to decreased

internal resistance of the cell and therefore increased efficiency (Elder et al., 2015).

The H20 electrolysis for Hz production has been studied extensively and compared to
COz electrolysis. It is easy to separate products from unconverted reactants as water can
be simply condensed to liquid, CO produced during CO- electrolysis, however, would
require gas phase separation. Alternatively, Hz can be used to reduce CO2 to CO in a co-
electrolysis process via the water-gas shift (RWGS) reaction (equation (2.4). This
requires temperature above 816 °C as below this temperature the water-gas shift (WGS)
reaction, CO reduction of water, is more favourable. Figure 2-4 shows the
thermodynamics for the WGS and RWGS reactions.

RWGS

H,+C0, = H,0+ CO 2.4)
WGS
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Figure 2-4. Thermodynamics of water-gas shift reaction (data from HSC® Chemistry).

2.2.1 Equilibrium potential
The net reaction for CO; electrolysis in SOC is given by:

C0,(g) —» CO(g) + ¥%20,(9) (2.5)
The Gibbs free energy change, AG, for the above reaction can be expressed as follows:

1

a a

AG = AG’ + RT In <M> (2.6)
QAco,

where 4GP is the standard molar Gibbs free energy change at the temperature T; R is the
gas constant (8.3147 J K* mol™) and acoz, aco and ao2 are the activities of the reactants

and products for the reaction (2.6).

The activities of the reactants and products can also be given as partial pressures for an

ideal gas:
aco, = Feo, aco = Feo and a,, = Fo,
co, = o » %co = Lo 02 = To
2 PCOZ PCO 2 POZ (2'7)

The reaction can then be written as:

2 . P1/2
CO_OZ) (2.8)

AG = AG° + RT In
Peo,
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The reversible potential of the cell, E, can be calculated from standard free energy change:

E= 46 2.9
=T (2.9)

where F is Faraday constant (96,487 C mol™?) and n is the number of electrons
participating in the reaction. In the case of CO: electrolysis, n=2. If the reactants and
products are at standard temperature and pressure (STP) conditions, the equation can be

represented as

AG°

E0 = ——
nF

(2.10)

The variations of standard potential of the cell with temperature for H,O and CO:
reactions are shown in Figure 2-5. The relationship between the ideal standard potential
for the SOC, E°, and the ideal equilibrium potential, E, at the operating temperature and

partial pressures of the reactants and products is given by Nernst equation (2.11).
RT P . P1/2
E=EO_(_)ln . 211
2F Pco, (2.11)

The Nernst potential is the reverisble potential of the cell, also known as open circuit
voltage (OCV).

1.4 4

E° (V)

0.8

T T T T T T T T T T
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Temperature (°C)

Figure 2-5. Temperature influence on the standard potential of the H.0 and CO: electrolysis cells
(data from HSC® Chemistry).
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2.2.2 Thermoneutral Voltage

There is a thermal disparity between fuel cell and electrolysis operation modes: heat is an
important input for electrolysis (typically endothermic or close to thermoneutral) and a
by-product of the fuel cell (typically exothermic). The thermoneutral voltage (Ew) is
defined by equation (2.12) and is the voltage needed for electrolysis reactions to occur
without additional supply of heat or electricity.

AH
Een =% (2.12)

For electrolysis reactions in equations (2.1) and (2.2), Ex > E. To operate below Ei, the
heat must be applied to the cell from an external source. In practice, excess heat above
the Ew requirements is often needed to account for the heat lost from the system to the

surroundings.

2.3 Kinetics

The ideal and actual performance of the SOC are different, mostly due to the irreversible
losses (Kaur, 2015) depicted in Figure 2-6 (cell voltage scanned downwards, producing
current — fuel cell operation). The voltage losses are generally known as polarisation or
overpotential; both of these terms are used internchangeably in literature. There are three
primary sources of polarisation in a SOC device: activation polarisation, mac, ohmic
polarisation, nonm, and gas concentration polarisation, neonc. The polarisation losses are
functions of an applied current (i) hence the measured cell voltage is always lower than
its ideal potential in a fuel cell mode and larger during electrolysis operation. The total
voltage, V, of the SOC is:
V=E =t = Tonm = Mconc (2.13)

The activation and concentration polarisation tend to have non-linear responses and are
dominant at low and high current densities, respectively. The ohmic loss, on the other
hand, linearly increases with the current density. Cell voltage loss can also originate from
leakages from current leakages through the electrolyte, particularly for novel electrolytes,

and imperfect seals.

16



Chapter 2: Literature Review

Thermodynamic (ideal) cell voltage

Total loss

Cell voltage (V)

Mass
——+— f{ransport —
limitation
region

Activation Ohmic losses
. — .
region region

Current density (A cm™2)
Figure 2-6. Theoretical and actual performance of the solid oxide fuel cell.

2.3.1 Activation polarisation

The activation polarisation represents the losses associated with the charge transfer
polarisation. It is the voltage drop needed to overcome the activation barrier for the
electrochemical reaction to take place. The activation polarisation is directly proportional

to the increase in a current flow and can be expressed as the Tafel equation:

RT [
Tact = gnF ™ (;) (2.14)

where a is the charge transfer coefficient, i is the current density and io is the exchange
current density. The activation polarisation is the rate-determining step; describing the
charge transfer reaction at the triple phase boundary. There are a great number of factors
that can affect the electrochemical reaction and lead to activation losses; these include
adsorption, dissociation, surface diffusion, and electron transfer. The activation losses
can be mitigated by increasing the operating temperature, changing the material
properties (better electrocatalyst), microstructure, atmosphere and/or current (Elder et al.,
2015).

2.3.2 Ohmic losses
The ohmic polarisation is predominantly caused by the ionic resistivity of the electrolyte.
Other contributions come from lack of electronic conductivity in the electrode and various
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contact resistances, such as electrical contacts, wires and interconnects. The ohmic
overpotential is directly proportional to the applied current and has a linear response
derived from Ohm’s law (V = IR):

Nonm = IR (2.15)

where R is the total resistance of the SOC.

Choosing a good ionic conductor as an electrolyte, making it as thin as possible and
operating at elevated temperature will decrease the ohmic losses.

2.3.3 Concentration polarisation

The diffusion or concentration polarisation is most prominent at high current densities
when the reactant gas struggles to reach the active reaction sites close to
electrode/electrolyte interface. However, these losses tend to occur over the entire range
of the current density. The coarser the electrode microstructure, the easier it is for the gas
to diffuse into the electrode and access the TPB thus the smaller 7conc. The concentration

losses can be expressed as:

RT i
Meone = nF In (1 o g) (2.16)

During SOC operation the major contributor to the concentration polarisation is the mass
transport of the gaseous species through the porous electrode and slow removal of
products from the reaction sites (Stolten, 2010). Other processes affecting the
concentration polarisaton are diffusivity of the reactants, the patrial pressures of the gases

and the applied current density.

2.4 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a dynamic technique where a
sinusoidal voltage or current perturbation is applied to the cell over a wide range of
frequencies and the amplitude and phase shift of the resulting current or voltage response

is measured and used to construct an impedance spectrum.

Electrochemical reactions involve the transfer of electrons between a chemical species

and an electrode surface. Different processes occur during the reaction, these typically
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include: adsorption of electroactive chemical species onto electrode surfaces, electrolyte
resistance, mass transfer from the bulk and charge transfer at electrode surfaces (Yuan et
al., 2009).

Each of these reaction processes can be represented by an electrical component or an
equivalent circuit. The three most common components to make up an electric circuit are

a resistor, a capacitor, and an inductor.

An ideal resistor follows Ohm’s law at all current and voltage levels and its impedance
consists only of a real part, which is equal to its resistance, R. The resistance does not
depend on frequency and the current and voltage signals of an ideal resistor are always in

phase with each other (Gamry, 2015).

In contrast, a capacitor and an inductor have only an imaginary component and will vary
with frequency. In a pure capacitive circuit (with only a capacitor and AC power source),
the current leads the voltage by 90° (the phase shift between the voltage and current).
Similarly, in a pure inductive circuit, current lags voltage by 90°. These definitions,
however, are idealisations; there are no such things as a pure resistor, capacitor or inductor
(Serway and Vuille, 2011). For instance, a resistor will often contain unwanted parasitic

capacitance or inductance.

The sinusoidal voltage of varying frequency applied across the circuit can be expressed
as:

Vy = Vysin(wt) (2.17)

where V. is the instantaneous voltage at time ¢, V is the amplitude of the applied signal
and w is the angular frequency given by w = 2xrf in radians per second (f is frequency

expressed in Hertz).

The measured current response signal (I;) of a linear system is shifted in phase (¢) and

has a different amplitude (I):

Vy = Vysin(wt) (2.18)

I, = Iysin(wt + 0) (2.19)

Using Ohm’s law the impedance of the system can be expressed as:
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|78 Vysin(wt) sin(wt)
=-tf=_ = |Z|— (2.20)
I, Iysin(wt + 0) sin(wt + 6)
or as a complex number, Z*, as shown below:
z*=7"—jz" (2.21)

The complex impedance of the most common elements and their commonly adopted
symbols are given in Table 2-1. Like resistors, capacitors and inductors are characterised

by their capacitance, C, and inductance, L.

Table 2-1. Electrical symbols and impedance of common elements: the resistor, capacitor and

inductor.
Resistor (Q) Zr =R NN\~
Capacitor (F 1
P 2 Ze=T—— _| l_
jwC
Inductor (H) Z, = joL VYL

The individual electrical components can be connected in series and/or in parallel to
produce more complex equivalent circuits (Gamry, 2015). The equivalent impedance of

the elements joined in series is straightforward — the impedances add up:
Leq=Z1+Z++ -+ 7, (2.22)

The impedance of elements connected in parallel is calculated by summing up the
reciprocals of the individual impedances (Gamry, 2015):

1 1 4 1 o 1
—_—— — s —_— 223
Zeg 7 I Zy (223
EIS data are often represented as a complex impedance plane plot (Nyquist plot) also
known as a Cole-Cole plot. The magnitude and direction of the impedance vector of a

particular frequency is represented by a series of points (Ribeiro et al., 2015). The
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abscissa of the Nyquist plot represents the real part of impedance, Z’, and the ordinate
represents the imaginary part, Z", from the complex impedance given in equation (2.20).
Examples of Nyquist plots for elements connected in series and parallel as well as both

(R-C element) are illustrated in Figure 2-7.

A B C

= M oF n
i e i ate G g wia)

Figure 2-7. Impedance Nyquist plots of a resistor and capacitor (RC) connected in series (A),

parallel (B) and resistor in series with a parallel R-C element (C).

When the resistor and capacitor are connected in series (Figure 2-7A), the overall
impedance response has both real and imaginary components. The impedance of the
capacitor will shifted to the right by the amount equal to resistance and will decrease with
increasing frequency. In the case of Figure 2-7B, where the resistor and capacitor are in
parallel, the sum of the impedance responses will give rise to a semi-circle in the complex
Z* plane (West, 1987). If a series resistor is added to the latter, the impedance response
will shift to the right, as shown in Figure 2-7C. The maximum of the semi-circle of the
parallel R-C element equals 0.5R (R is the diameter of the circle) and corresponds to
wRC = 1, where RC = 7 (relaxation time). An idealised example of an EIS spectrum of
a SOC modelled with simple resistor-capacitor (R-C) circuits connected in parallel is
shown in Figure 2-8. Each R-C component is assigned to a different process (bulk, grain
and electrode) occurring within the cell. The assumption is made that the time constants
of these R-C circuits differ significantly and the values of the capacitance decrease with
increasing frequency. Large capacitances are typically associated with the electrode
processes, while intermediate-to-low capacitance values correspond to grain boundaries
and bulk components. Irvine et al. (2004) put together a summary of capacitance values

and their possible interpretation that can be found in Table 2-1.
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Table 2-2. Capacitance values and possible interpretation (Irvine et al., 2004).

Capacitance (F) Phenomenon Responsible
10712 Bulk
101 Minor, second phase
10%-10® Grain boundary
1010-10° Bulk ferroelectric
10°-107 Surface layer
107-10° Sample-electrode interface
10# Electrochemical reactions

An idealised example of an EIS spectrum of a SOC can be modelled with simple resistor-
capacitor (R-C) circuit connected in parallel to form a semi-circle in the Nyquist plot as

shown in Figure 2-8.

quﬁ- o Solid EIBGIFOI‘,H.E

AY 4 R
21 |z

wiring
clectrolyte electrolyte electrode
grain grain
boundary

Figure 2-8. An idealised EIS spectrum of SOC showing from grain, grain boundary and electrode
resistance contributions (Tuller et al., 2009).

Another element that is often used to fit the impedance data is constant phase element

(CPE or Q). The impedance of a constant phase element can be expressed as:

1

Zcpg = DR (2.24)

where Q is the CPE parameter and n is the CPE exponent withvalue 0 <n <1. Ifnis1,
then the element behaves as a capacitor with capacitance, Q. However, when the
exponent is less than 1, the element behaves as an imperfect or “leaky” capacitor. In a
parallel R-CPE element, the value of n determines the semi-circle depression (Diard et
al., 2013).
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2.5 Raman spectroscopy

The theoretical predictions of the inelastic scattering of light date back to 1923 (Smekal,
1923) however, it was in 1928 that the first experimental observations were reported by
Indian physicists C. V. Raman and K. S. Krishnan (Raman and Krishnan, 1928) in liquids
and independently G. Landsberg and L. Mandelstam in solids (Landsberg, 1928). The
inelastic scattering is often called Raman scattering (or the Raman effect) after one of its

discoverers.

When photons are scattered by an atom, molecule or crystal, most of the photons will
scatter elastically (Rayleigh scattering), resulting in the scattered photon of the same
energy, frequency (vo) and wavelength as the incident photons. Only a small fraction of
photons (approximately 1 in 107) will scatter inelastically and will carry the specific

information about the vibrational modes in a sample.

In the last few decades with the advances in optoelectronics and development of compact,
high-power lasers and sophisticated detectors and optical filters Raman spectroscopy

(RS) has become widely used in many research fields.

2.5.1 Fundamentals

RS is an optical vibrational spectroscopy technique based on the inelastic scattering of
monochromatic light, typically from a laser in the visible, near-IR or near-UV range, by
matter. Although, the present work focuses on Raman scattering in solid states?, the

classical theory of the Raman effect is referred to a molecule.

When the laser light impinges upon a molecule, it interacts with the electron clouds as
well as the bonds of the atoms in the molecule, exciting it from the ground state to a
virtual energy state. The molecule then relaxes by the emission of photons. If the energy
of the photon is the same as that of the exciting radiation then it has undergone an elastic
Rayleigh scattering. The principles of Rayleigh and Raman scattering are illustrated in

Figure 2-9.

1 Raman spectroscopy of solids involves the excitation of an electron by the incoming photon causing

photon-electron and electron-lattice interactions.
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Inelastic Raman scattering occurs when there is an energy transfer between the photon
and the molecule, resulting in the shift in wavelength that provides the chemical and
structural information, also known as Raman shift. It is often expressed in wavenumbers
as it is linearly related to photon energy and makes Raman spectrum independent of the
excitation wavelength. However, the intensity of Raman scattering depends on the
reciprocal of the fourth power of the excitation wavelength (McCreery, 2005). The
Raman shift can be obtained and converted into a wavenumber, the dimension of

reciprocal length (cm™) as below:

sem1) ( 1 1 ) (107nm) -
viem ) =|l——— || X——— :

o A em (@.25)
where v is the Raman shift, Ao is the laser excitation wavelength and /; is the Raman spectrum
wavelength.

Virtual energy — — A

states

Energy

Vibrational energy
states

Ground state
Stokes Raman Rayleigh scattering Anti-Stokes Raman
scattering E=hv scattering
E=h(v—Av) E=h(v+ Avy)

Figure 2-9. Principles of Rayleigh and Raman scattering. E is the energy of a photon, h is Planck’s

constant, v is the excitation frequency and A v is the frequency change.

The photons will either lose energy to the molecule (Stokes scattering) or gain energy if
the atoms in the molecule were already in a vibrationally excited state (Anti-Stokes
scattering). The latter process will have a lower intensity compared to Stokes because at
ambient temperature most of the atoms are in the ground state as opposed to the higher
energy vibrational state. At a given temperature the population of the Stokes and Anti-
Stokes components follow the Boltzmann distribution:

E
N o ¢ FaT (2.26)
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The Raman scattering occurs only when there is change in the molecular polarizability,

a, (deformation of the electron cloud) with respect to the vibrational coordinate, q:
—+*0 (2.27)

The oscillating electric field of the incident radiation, E, induces the polarisation, p, in

the molecule:
B =akE (2.28)

The incident electric field has a sinusoidal form and governed by the electromagnetic

frequency of the laser, vo, and the amplitude of the electric field, EO:

-

E = Eoc052nvot (2.29)

According to the principles of quantum mechanics only certain vibrational frequencies
and atomic displacements are allowed; the fundamental vibrations in a non-linear

molecule are 3N- 6 and 3N-5 for linear molecules.

Raman spectroscopy is often considered to be complimentary technique to the infrared
spectroscopy (IR). The selection rules determine which vibrations will be Raman active;
these are summarized below (Ferraro et al., 2003):

e For a vibration to be IR-active, there must be a change in the electric dipole
moment, whereas for a Raman-active vibration the change in polarizability during
the vibration is necessary.

e The vibration can be IR-active, Raman-active, or both; generally, symmetric
vibrations cause largest changes in polarizability, resulting in strong Raman
scattering.

e The asymmetric and bending vibrational modes tend to be strong in IR
spectroscopy.

e The mutual exclusion rule dictates that no normal modes are both IR and Raman-

active if a molecule possesses a centre of symmetry.

Generally, the polar bonds provide intense IR absorption bands whereas the nonpolar

bonds, such as C-C, C=C, S-S, N=N, and others, are commonly observed in Raman
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spectrum (Reichenbdcher and Popp, 2012), making Raman spectroscopy an ideal

technique for characterisation of carbonaceous deposits.

2.6 Current uses of Raman spectroscopy in SOCs

Since the introduction of lasers, Raman spectroscopy has been picking up pace. It is
non- invasive and can provide information about molecular and structural composition,
secondary, structures and crystallinity. Below are some of the examples of using Raman

spectroscopy for SOCs.
e  Carbon deposition.

In-situ and operando Raman spectroscopy has been used extensively to study carbon
deposition on the surfaces of SOCs fuel electrodes (Kirtley et al., 2013, Pomfret et al.,
2008a, Eigenbrodt et al., 2011, Pomfret et al., 2006, Pomfret et al., 2010b, Pomfret et al.,
2012). Nickel is often used in combination with an ionic conductor to form a cermet since
it is inexpensive and has high catalytic activity (Rossmeisl and Bessler, 2008). However,
nickel is a catalyst to a number of unfavourable side reactions, such as Bosch (2.30),
Boudouard (2.31) and the thermal decomposition of methane (2.32) to form hydrogen.

All three reactions result in carbon formation on the fuel electrode.

CO+Hx=C+ H0 (2.30)
2CO = CO2 + Cyy (2.31)
CHs = C(S) + 2H2(g) (2.32)

Both ordered (G) and disordered (D) graphite formations have been observed via Raman
spectroscopy during operation on hydrocarbon fuels (Eigenbrodt et al., 2011, Pomfret et
al., 2012). The fundamental G-band is the signature of graphitic sp2-bonded carbon
atoms, whereas the D-band is associated with the presence of defects or impurities within
the honeycomb network (Mabher et al., 2013). The ratio of G and D formation was affected
by the total exposure time, cell potential and fuel atmosphere composition (Pomfret et al.,
2008a).
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Operando Raman spectroscopy is particularly powerful when studying novel electrode
materials and their tolerance towards carbon formation. For example, gadolinium-doped
ceria (GDC) has been observed to suppress carbon formation in CO2/CO gaseous

environments (Mabher et al., 2010).
e  Sulfur poisoning.

The effects of H2S poisoning on Ni-YSZ cermets have been studied extensively under
various operating conditions (Zha et al., 2007, Cheng et al., 2011). Sulphur species,
present in fossil fuels, readily adsorb onto the Ni surface, blocking active reaction sites
and causing cell performance to gradually deteriorate. The extent of degradation is
dependent on the concentration of the contaminant, cell voltage and temperature (Zha et
al., 2007). Raman spectroscopy has been employed to observe the formation of NizS:
species, however, at temperatures above 565 °C, Ni3S2 undergoes a transition from a low-
temperature rhombohedral phase to the high temperature cubic phase and the Raman

spectrum becomes less defined (Cheng et al., 2007).

Moreover, lanthanum strontium manganite (LSM) and lanthanum strontium cobalt ferrite
(LSCF) air electrodes are susceptible to sulphur poisoning by SO>—containing air, causing
the formation of SrSOs, which is Raman active (Wang et al., 2015, Liu et al., 2011).

e  Chromium poisoning.

Chromia-forming alloys are commonly used as SOC stack interconnects and can form
volatile Cr-species under IT-SOC operating conditions which react with air electrode
materials (Jiang et al., 2002). Under cathodic polarisation, LSM is susceptible to the
formation of Cr.0O3 and (Cr,Mn)304 spinel at the electrode/electrolyte interface region
and on the electrolyte surface (Jiang et al., 2000). In the case of LSCF, Cr deposition
occurs predominantly on the surface of the electrode, forming SrCrOs4 spinel and
segregated SrO (Wei et al., 2015).

2.7 Experimental reactor considerations

Traditionally, the electrochemical performance of fuel cells is monitored by the means of
electrochemical impedance spectroscopy and cyclic voltammetry. These dynamic
techniques provide powerful insight into the various electrical losses and reaction Kinetics
but lack the information about mechanical and chemical degradation. For a

comprehensive study, the microstructure is evaluated post mortem using a combination
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of SEM/EDS and other surface analysis techniques such as X-ray photoelectron
spectroscopy (XPS), Auger electron spectroscopy (AES) and secondary ion mass
spectroscopy (SIMS). However, secondary processes and reactions are likely to occur on
cooling, affecting the final condition of the sample (e.g. structural and phase

transformations, oxidation reactions).

Recently, Raman spectroscopy has been used as a tool for in situ characterisation of
operational SOCs (Eigenbrodt et al., 2011, Kirtley et al., 2014, Pomfret et al., 2006,
Pomfret et al., 2010a, Duboviks et al., 2014, Maher et al., 2013). The technique is
particularly sensitive to carbon formations, often observed on nickel-containing cermets
but can also be used to study metal oxide redox kinetics, sulphur and chromium poisoning
and measure the residual stress (Onuki et al., 2013, Onodera et al., 2013, Nagai et al.,
2011).

Typical operating temperatures of SOCs range from 600 °C to as high as 1000 °C (Nehrir
and Wang, 2009) and therefore, considerably limit the material selection for constructing
the experimental setup. Off-the-shelf SOC test assemblies are typically limited to
electrical connections only, therefore, to measure molecular vibrations significant design
modifications are needed. Alternatively, custom made testing reactors can be fabricated

to accommodate operando measurements.

In the literature, two different types of reactor design have been reported up to now: a
miniaturised heated stage that fits under the microscope (Blinn et al., 2012, Brightman et
al., 2012a) and a much larger assembly consisting of an alumina tube inside a closed-end
quartz tube positioned inside a tube furnace with custom built optics (Pomfret et al.,
2010a). All three examples are illustrated in Figure 2-10.
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Figure 2-10. (A) Photograph of a Raman high temperature reaction chamber, HVC-MRA-5,
made by Harrick Scientific Products (Harrick Scientific Products Inc, 2012), (B) Brightman
(Imperial College London) (Brightman et al., 2012b) and (C) Pomfret (Montana State
University) (Pomfret et al., 2008b).

Besides featuring simultaneous electrochemical and optical measurements, and fully
controllable dual atmosphere, both bespoke designs have their own strengths and

experimental challenges as listed in Table 2-3.
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Pros

Cons

Table 2-3. A summary of pros and cons of the reported designs.

Compact design

2D mapping capabilities

Rapid cooling

Accommaodates various sample sizes
Height limited to <10 cm

Temperature stability above 650 °C
Extensive water cooling of the components
Cramped design to accommodate all

connections

Higher operational temperature
Easy part replacement

Chemically resistant materials

Custom optics
Single sampling position

Slow heating/cooling profile
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This chapter outlines the material synthesis and sample preparation, experimental
measurement setup and operating parameters used for electrochemical and spectroscopic
characterisation, the equipment used to perform these measurements and the examples of
data analysis. In this work two types of samples were tested: solid oxide cells (SOCs)
and pressed powder pellets.

3.1 Sample Preparation

3.1.1 Solid State Powder Synthesis

CoFe204 was synthesised using the conventional solid-state route to produce a 20 g batch,
as shown in a flowchart in Figure 3-1. The precursor powders of Co3z0s (Alfa
Aesar, 99.7%) and Fe>O3 (Sigma-Aldrich, > 99%) were dried at 600 °C for 8 hours and
cooled down to 200 °C before being transferred to a vacuum desiccator to prevent
moisture absorption on cool down. The oxide powders were weighed out in
stoichiometric ratios using a high accuracy analytical balance (Precisa Instruments AG,
0.1 mg), according to reaction (3.1) and ball milled together using yttria-stabilised

zirconia (YSZ) grinding media in isopropanol (IPA) for 6 hours.

2CO304(S) + 6F6203(s) - 6COF€204(S) + Oz(g) (3]_)

The slurry was dried in an oven at 85 °C to evaporate the solvent before being sieved
through a 250 pum sieve and calcined in a zirconia crucible at 900 °C for 2 hours in a static
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air atmosphere. This process was repeated three times to achieve homogeneous,
agglomerate-free, single-phase cobalt ferrite powder.

Both precursor and as-prepared powders were analysed by X-ray powder diffraction (D2
Phaser, Bruker AXS) using Cu Ko (A=1.5406 A) to ensure the single phase formation of
CoFe20s.

Stoichiometric amounts of
dried metal oxides

Ball milling in
isopropanol (6 hours)

I

Drying

Repeat
3 times

Calcination at 900 °C for
2 hoursin air atmosphere

Sieving .

I

Structural characterisation
(XRD)

Figure 3-1: A flow chart of solid state powder synthesis adopted from Xiang et al. (2014).

3.1.2 Pellet Preparation

A laboratory uniaxial hydraulic press (Specac, UK) was used to form pellet compacts.
The powder samples were compiled in two different geometries in preparation for
sintering and testing: 10 mm @ cylinders and 20 x 4.5 mm cuboid-shape bars. 0.3 ton

pressure was applied onto the pellet die for 1 minute.

3.1.3 Solid Oxide Cell Fabrication

A typical SOC has three components: an electrolyte, a fuel electrode, and an air electrode.
20 mm g Hionic™ button substrates (FuelCellMaterials, USA) were used as electrolytes
for the cell preparation (Lot #: BB112). The approximate composition of the substrates
is listed in Table 3-1. The specific composition remains proprietary information of the

manufacturer.
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Table 3-1: List of ingredients of Hionic™ electrolyte substrates (Nexceris LLC, 2015).

Chemical Name Percentage Weight (%0)
Zirconium Oxide 85-96
Scandium Oxide 4-14
Cerium Oxide 0-3
Hafnium Oxide 1-2
Aluminium Oxide 0-1

These state-of-the-art substrates benefit from higher conductivity and enhanced
mechanical strength compared to other conventional electrolytes like yttria- or scandia-
stabilised zirconia (fuelcellmaterials.com, 2007). The thickness of the electrolytes ranges
between 0.13-0.17 mm. Such thin electrolytes are obtained by a technique called tape
casting (also known as doctor blading) that was originally used for manufacturing thick
film tape materials for electronic applications (Singhal and Kendall, 2003). Today it is
used extensively to produce thick ceramic tapes from ceramic slurry that is then dried,

laminated and sintered to produce a final substrate product.

NiO-YSZ ink (FuelCellMaterials, USA) was used for SOC’s fuel electrodes. The ink
formulation contains 66 wt% of NiO and 34 wt% of Y203-ZrO,, and the total solid

loading did not exceed 77 wt%.

LSM-YSZ and LSM inks for the oxygen electrode were prepared in-house from
commercial powders (FuelCellMaterials, USA). The ceramic slurry contained the
following components mixed together using a high speed mixer (SpeedMixer™, DAC
800 FV2):

e Ceramic powder: LSM or LSM-YSZ (50-50 wt%)

e Dispersant: Triton™ X-114

e Binder: Ethyl cellulose

e Solvents: Texanol™ ester alcohol, isopropanol

e Screen Printing

A simple and economical screen printing technology can be applied to planar SOCs to
fabricate films of different thicknesses. There are three main steps to cell fabrication
using screen printing: (i) covering the pattern on the screen with the ink, (ii) applying

tangential stress on the ink using a squeegee and (iii) passing ink through the aperture of
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the screen mesh. The SOCs are fabricated in two sintering steps as shown in Figure 3-2.
Firstly, a 10 mm g NiO-YSZ cathode is screen printed onto the surface of the electrolyte,
dried at 100 °C for 10 min and sintered at 1350 °C for 2 hours in static air. This is
followed by deposition of the LSM-YSZ anode and LSM current collector, then drying
and sintering at 1150 °C for 2 hours. The cells are printed one at a time to ensure accurate

alignment of the cathode and anode layers.

Electrolyte Print NiO-YSZ Sinter at 1350 °C
cathode for2 h

Sinter 1150 °C Print LSM Print LSM-YSZ
for 2 h current collector anode

Figure 3-2: Schematic of electrolyte-supported SOC fabrication.

Fonseca et al. (2006) studied the effect of sintering time on the electrical conductivity of
Ni-YSZ cermets and showed an optimum electrical conductivity o (T =400 °C) for up

to 2 hours of sintering. Therefore, 2 hours sintering time was chosen for SOC electrodes.

3.2 Sample Characterisation

3.2.1 Density measurements
The density of the pellets was measured using an analytical balance (Mettler-Toledo AG,
MS104S) and compared to the theoretical density reported in the literature. The density

of the solid was calculated using formula in the equation (3.2).

A

P=71"g (po —pPL) + p1 (3.2)
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where:

p = density of the sample,

A = weight of the sample in air,

B = weight of the sample in the auxiliary liquid,
po = density of the auxiliary liquid,

pL = density of air (0.0012 g/cm?).

3.2.2 X-ray Diffraction

Powder X-ray diffraction (XRD) was used to obtain the diffraction patterns of the
powders and ceramics used in this project. All crystalline materials have a unique
diffraction pattern that can be identified using a crystallographic database. This allows
for the phase purity, composition, and presence of impurities in crystalline solids to be
identified. The lattice parameters of a unit cell associated with a crystal structure can be
determined using the Rietveld refinement method (Smith et al., 2013).

The position of diffraction peaks is determined by the distance between parallel planes of
atoms. Equation (3.3) expresses the relationship between the wavelength of the incident
X-ray, incident angle and the spacing between the crystal lattice planes of atoms, also
known as Bragg’s law. The geometric derivation of Bragg’s law is illustrated in Figure

3-3.

nA = 2d sinf (3.3)

where:

0 is the angle of incident X-ray,

n is an integer (order of diffraction),

A 1s the wavelength of the radiation used,

d is the spacing between atomic layers.
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Figure 3-3. Bragg’s law reflection.

A typical powder sample contains tens of thousands of randomly arranged crystallites in
every possible orientation, hence the incident monochromatic X-ray beam is diffracted at
all possible Bragg angles. The detector moves around the sample in a circle to collect the

diffraction pattern at different 20 angles, as shown in Figure 3-4.
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Figure 3-4: Schematic diagram of X-ray diffractometer.

3.2.3 Sample Preparation

To confirm the phase purity of the samples, a desktop X-ray diffraction tool (D2 Phaser,
Bruker) was used to perform an initial measurement. The measurements were collected
in the range of 10 - 100° (20) using Cu Ka radiation (A = 1.54056 A) with a 0.02° step
size and a scan time of 0.1 s. The resulting patterns were analysed using the PDF-4+
database.

For lattice parameter refinement and quantitative information about the phase of material,
a STOE-STADI PSD diffractometer (Mo Ko, A = 0.70926 A) was used. The samples
were prepared by grinding up small amounts of CoFe>04 and Si (as an internal standard)
using a pestle and mortar. The mixed powders were placed onto the acetate disc with a

drop of PVA glue used to hold the loose powders. The resulting disc was then dried using
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a heat gun to speed up the drying process. The discs were scanned for 4 hours in 20 range
of 5 to 45°. The internal Si standard was used to calibrate the data to the known peak
positions of Si using the STOE WinXPow software. Rietveld refinement was performed
to obtain lattice parameters, crystallite size and strain, and in some cases the amount of

secondary phase within a sample.

3.2.4 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was used to measure the amount of weight change of
the sample as a function of temperature and isothermally, as a function of time. The
samples were heated and cooled at a constant rate of 5 °C/min in a controlled atmosphere
under a flow of nitrogen or air. Once the temperature set point was reached, the samples
were allowed to dwell for 2 — 4 hours and slowly cooled down.

In this work a TA Instruments STA Q600 simultaneous thermal analyser was used to
collect the weight change (TGA) and true differential heat flow (DSC) information on the
same sample. Approximately 50 mg of sample was analysed in a platinum crucible to

prevent adverse reaction of cobalt iron oxide with an alumina crucible.

3.2.5 Thermoelectric Measurements
The electrical conductivity, o, and Seebeck coefficient, S, of the CoFe2O4 bar samples
were determined simultaneously for the temperature range of 50 — 700°C using a

SBA 458 Nemesis® thermal analyser (NETZSCH-Geratebau GmbH, Germany).

current pin

thermocouple sample

support

1| heater

furnace

Figure 3-5: Measurement setup of the Netzsch SBA 458 Nemesis® (NETZSCH, n.d.).

37



Chapter 3: Experimental

The electrical conductivity of the sample is determined by a 4-point method using two
current pins and two thermocouples positioned on the sample edges as shown in Figure
3-5. The current is supplied through the two outer probes resulting in the voltage drop
between the two inner probes. The electrical resistance, R, is calculated from voltage, V,
and current, I, using Ohm’s law:

R =

v 3.4
i (3.4)

The resistance of the sample depends on its length, I, cross-sectional area, A, and
resistivity, p. Resistivity is an intrinsic property of the material and can be calculated

using the formula in (3.5):

p=R—- (3.5)

Electrical conductivity is the reciprocal of resistivity and follows (3.6):

== 3.6
P (3.6)

The Seebeck effect is best described as an electrical potential difference produced by a
temperature difference between a pair of points of an electrically conducting sample. A
thermal gradient is applied to the sample in both directions by two micro heaters creating
hot and cold ‘junctions’. The electrons on the hot side have more kinetic energy causing
them to migrate towards colder side of the sample, therefore creating a charge gradient.
The measure of the magnitude of the thermoelectric voltage in response to a temperature
gradient across the sample is called the Seebeck coefficient. The Seebeck coefficient of
a material is defined as:

AV

S=—
AT

3.7)

Depending on the charge carriers the Seebeck coefficient values can be positive or
negative. If the carriers are positively charged (electron holes), the material is a p-type
conductor with a positive value for Seebeck coefficient. Conversely, if the carriers are
negatively charged (electrons), the material is an n-type conductor and the Seebeck
coefficient will be negative.

During the measurement, both electrical conductivity and Seebeck coefficient are
measured at room temperature to ensure good contacts between the sample and the

measuring probes. The temperature is then raised to 50 °C at 2 °C/min; the measurements
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are then performed at intervals of 50 °C on heating and at 100 °C intervals on cooling to

check for the reproducibility of the results.

3.2.6 Raman spectroscopy

The theoretical background of Raman spectroscopy is covered in Chapter 2. The Raman
spectroscopy measurements were performed using an inVia™ Raman microscope
(Renishaw Plc., UK). An argon ion laser was used as an excitation source (514 nm,
20 mW). A schematic diagram of the components present in a typical Raman micro-
spectrometer is shown in Figure 3-6. The laser beam travels towards the sample through
the microscope directed by mirrors. When the laser excitation interacts with the sample
both Raman and Rayleigh scattering are collected by the microscope lens travelling
towards charge-coupled device (CCD) detector. The notch filter blocks the Rayleigh
scattering (same wavelength as the laser line) focusing the filtered Raman scattering onto
a diffraction grating that splits the beam into its constituent wavelengths that are then

picked up by the detector and processed by the computer.

Computer Computer

Video

Camera Notch Diffra(.:tion

Filter Grating
/
Microscope ccD
Detector
Sample
Laser
Translation Mirror
Stage

Figure 3-6: A simplified schematic of a Raman microscope.

A number of objectives were used to focus and collect Raman spectra from the surface of
a sample. For in situ and operando measurements a 20X long working distance objective
(20 mm working distance, 0.42 numerical aperture) was used. The longer focal length of
the objective protects it from the high operating temperatures of SOCs; however, the
lower numerical aperture value means that less signal is collected. The room temperature
Raman spectra were collected at close proximity, using a 50X microscope objective (0.38

mm working distance, 0.75 numerical aperture). Such measurements are often referred
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to as ex situ or post-mortem. The 50X objective gave a laser spot of approximately 1 um
diameter. To obtain high intensity Raman spectra with low background noise and clearly
defined peaks, the exposure time was increased between 10 — 60 s.

The inVia™ system has two grating scan types: static and extended (SychroScan). Static
scan covers a range of approximately 300 cm™ either side of the centre (depending on the
laser wavelength and grating used) and is quick to perform. The spectra can be collected
in as little as 1 s, making it ideal to study the kinetics of reactions. Extended scans, on
the other hand, allow a wider wavenumber range to be covered but take longer to obtain.
Apart from the operando studies, where 20 s static scans were used to monitor carbon
formation on the surface of a nickel electrode, extended scans were performed to inspect
the full range of Raman shift for changes or abnormalities. The exposure time was
normally between 10 and 30 s, unless stated otherwise. Wire 3.4 software was used to

collect and analyse the Raman spectra.

3.2.7 X-ray photoelectron spectroscopy

The powdered samples were all mounted by pushing the loose powders into indium foil,
which was itself then adhered to the sample holder. The polished pellet samples were
supported on double sided carbon tape on the sample holder.

The analyses were carried out using a Kratos Supra instrument with the monochromatic
aluminium source, with two analysis points per sample. Survey scans were collected
between 1200 to 0 eV binding energy, at 160 eV pass energy and 1 eV intervals. High-
resolution O 1s, C 1s, N 1s, Fe 2p and Co 2p spectra were collected over an appropriate
energy range at 20 eV pass energy and 0.1 eV intervals. Charge neutralisation was used
for all samples. The analysis area was 700 pum by 300 pum.

The data collected was calibrated in intensity using a transmission function characteristic
of the instrument (determined using software from NPL) to make the values instrument

independent. The XPS spectra were deconvoluted using CasaXPS software.

3.2.8 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a high resolution surface technique used for the
topographical, microstructural and bulk composition analysis of the sample. SEM is
based on scanning a fine beam of electrons over the specimen surface and detecting the
emitted signal. When the high energy electrons hit the sample, a number of signals is

emitted, namely, secondary electrons, backscattered electrons and X-rays, see Figure 3-7:
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Secondary electrons are emitted by the atoms near the specimen surface that are
excited by the incident beam and gain enough energy to detach from the surface.
Backscattered electrons are high energy electrons that are emitted by an elastic
collision of an incident electron with the sample atoms. The advantage of the
backscattered electrons is that they are sensitive to the atomic mass of the atomic
nuclei they have collided with and scattered from. Heavier elements are more
efficient at backscattering and, therefore, appear brighter on a backscattered
electron image. Similarly, lighter elements will appear darker.

X-rays are generated when the electron beam interacts with the atoms in the
sample causing shell transitions. The characteristic energy of the generated
X-rays can be used for qualitative and quantitative analysis of the elemental
composition of the specimen.

A schematic diagram of a typical SEM is shown in Figure 3-8. The filament of the

electron gun at the top of the microscope generates a beam of electrons in a vacuum

chamber. The beam is focused through a number of condensers and objective lenses set

parallel to each other onto the sample. The electrons are collected by the scanning

electron (SE) or back-scattered electron (BSE) detector that transforms them into a signal

that is then digitized to produce an image.

Unlike other microscopes, the image magnification in SEM depends on the excitation of

the scan coils and not the power of the objective lens. To change the magnification, the

size of the raster area on the sample needs to be changed. The size of the monitor raster

pattern remains constant. The magnification is increased by reducing the size of the area

scanned.
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Figure 3-7: Electron beam interaction with the bulk of the sample.
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Figure 3-8: Schematic diagram of an electron microscope with SE and X-ray detectors.

3.2.8.1 Sample Preparation

The sample preparation differs considerably depending on the type and geometry of the
material under study.

(i) Powder samples were prepared by placing a carbon tape on the sample stub and
dipping it in powder. The loose powder was swept away by spraying with compressed
air. The last two steps were repeated until a desired coverage was achieved.
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(ii) Sintered bar samples were polished manually by grinding the surface on a range of
silicon carbide papers for approximately 3 minutes starting from grit P600 and going up
to grit P2500. The sample surface was cleaned with water and acetone after each
polishing step. A 1 um diamond emulsion was added to the final round of polishing. The
samples were then etched at 90% of the sintering temperature for 30 minutes to reveal the
microstructure.

(iii) For SOCs, after operation, the SOC electrodes are electrically conductive and will
give an SEM image. The cell was broken in half to reveal the cross-section and mounted
onto a stub using silver paste. For better quality imaging, a thin layer of gold was applied
by sputter coating. When elemental analysis was carried out alongside imaging, using
energy dispersive X-ray spectroscopy (EDS), carbon coating was used instead of gold.

3.3 Electrochemical Testing

A diagram of a test station used for in situ and operando? testing of SOCs is shown in
Figure 3-9. The setup allows flexible control over the operating temperature, humidity
levels, and flow rates of the gases. The test conditions can have a dramatic effect on the
overall performance of a cell and its lifetime, therefore, where possible, steady state must
be reached and the test conditions noted. For SOC, steady state refers to when the
current/voltage reading does not change with time. Often, to ensure that the steady state
is reached, the system is left to equilibrate for a period of time with a set temperature and

gas composition whilst monitoring the open-circuit voltage (OCV).

2 Operando testing refers to simultaneous in situ electrochemical and Raman spectroscopy measurements.
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Figure 3-9: Solid oxide cell test station with optical access for Raman microscope.

The following instruments are part of the SOC test station:

Bronkhorst® EL-Flow Select Series mass flow controllers for nitrogen, hydrogen,
carbon dioxide, carbon monoxide and synthetic air (a 20% mixture of oxygen in
nitrogen) with £0.5% reading error of the actual flow plus £0.1% full-scale flow
error.

Elite Thermal Systems Ltd tube furnace (TSU11/50/250) with a Eurotherm 2416
proportional-integral-derivative  (PID) controller and a RS232 digital
communication module to transmit and receive data from iTools Engineering
Studio software.

TC-08 Data Logger (Pico Technology, UK) used to record the temperature from
a K-type thermocouple placed on the outside of the operating SOC. The
temperature accuracy of data logger is £0.2% of reading and £0.5 °C of full scale
error.

Modulab® ECS electrochemical interface and frequency response analyser
(Solartron Analytical, UK) with internal XM Booster 2A for ultra-low, micro-

ohm impedance testing.
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e Electrochemical testing apparatus built at the University of Sheffield, Department
of Chemical and Biological Engineering. The design of the apparatus is covered
in detail in Chapter 4.
One of the requirements for the testing station was to be easily transportable between
laboratories, as the Raman spectrometer used for operando work is part of multi-user

facility. Therefore, all the equipment was arranged on a 3-tier trolley.

3.3.1 Start-up Procedure

Following the assembly of the test housing, the electrochemical apparatus was placed
inside the tube furnace and insulated on both sides to reduce the heat loss to the
surroundings. The cell was heated up to 700 °C at 5 °C/min to promote the melting of the
glass coating of the hybrid gasket and create a seal created between an alumina support
tube, Thermiculite® 866LS and the cell.  Slower heating rates minimise the
thermomechanically induced stress to the cell and the reactor as a whole and therefore are
always more favourable; however, due to time constraints and short testing runs a ramp
rate of 5 °C/min was chosen. A flow of 50 ml/min of N2 over the outside chamber of
the reactor was used during heat up to displace the atmospheric oxygen and to prevent
steam formation during the reduction step.

Once the temperature is stable, a 50 ml/min flow of H2 gas is introduced to the cell to
reduce the NiO to metallic nickel. The cell is reduced for 30 minutes before synthetic air
is flown to the SOEC anode. Open-circuit voltage is monitored whilst the cell is reducing.
The initial performance of the cell is assessed by the means of galvanostatic impedance
measurement and linear i-V characteristics in fuel cell mode. The operating temperature
adjustments are made by heating or cooling the cell down at 1 °C/min to avoid thermal

shocks that can lead to cracks in the electrode and failure of the cell.

3.3.2 Solid Oxide Cell Measurements
The cell measurements are performed under ambient pressure operation. One of the main
advantages of the SOCs is the fuel flexibility. In this work the references are made to
three types of experimental conditions:

e Hydrogen fuel: mixture of H2 and N>

e COq; electrolysis: mixture of CO2, CO and N2
The experimental apparatus described in Chapter 4 was used for SOC characterisation.
The rig has a two-electrode configuration used to collect electrochemical impedance,
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current-voltage and cyclic voltammetry measurements. The theoretical background of
these techniques is discussed in Chapter 2.

A frequency sweep range from 1 MHz to 10 mHz and a current amplitude of 5 mA rms
were used to collect the impedance spectra. All EIS measurements were carried out at
open-circuit conditions unless otherwise stated.

Cyclic voltammetry was recorded at a 100 mV/s scan rate with 0.5 and 1.5 V vertex levels
probing both fuel cell and electrolysis operation modes. Schematic representation of CV

experiment is shown in Figure 3-10.
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Figure 3-10: Cyclic voltammetry experimental setup.
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4 Experimental Apparatus
Design and Commissioning

This chapter describes the development of a high temperature spectroelectrochemical
system for an extensive analysis of SOC electrode surfaces in real time and under actual
operating conditions.

Having looked at the pros and cons of the different SOCs rig designs, summarised in
Section 2.7. The larger design offered more opportunities for modifications as and when
needed as well as use of off-the-shelf materials to build the assembly. The future
aspirations of using the reactor for high temperature co-electrolysis of steam and carbon
dioxide meant that the components must be stable to thermal cycling and not react with
the gaseous reagents. For this work the development of a large-scale reactor was chosen.
This decision was influenced by previous experience of using a commercially purchased
versatile ProboStat™ electrochemical cell testing system (NorECs Norwegian Electro
Ceramics AS).

4.1 Design of the Test Apparatus

The strategy for the new operando Raman spectroscopy apparatus development was to
use a combination of already established requirements and advantages of the previously
mentioned reactors, namely the stable high temperature operation and two-dimensional

surface mapping.
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Further specifications for the reactor components that needed to be taken into

consideration were:

e General dimensions

e Optical access for Raman spectroscopy
e Gas inlet and outlet ports

e Electrical connections

e Temperature control

e Materials

e Sealing of SOC

The 3D CAD drawing of the initial design is presented in Figure 4-1 and Figure 4-2.

Furnace

Raman
Objective microscope

Base unit

SOC Flexible arm

Figure 4-1. Schematic drawing of the test apparatus (Manerova et al., 2015).
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Furnace Quiartz tube

Gas inlet
SOC support

Figure 4-2. Schematic drawing of the detailed cross-section view of the cell housing (bottom)
(Manerova et al., 2015).

4.1.1 General Dimensions
Planar solid oxide cells are usually square, rectangular or circular. Laboratory scale
experiments are often carried out on the latter with a diameter of 25 mm or less. In this

work 20 mm diameter circular-planar cell were used.

The base unit was designed around a cuboid stainless steel box with 140x100x70 mm
dimensions to accommaodate gas ports, electrical connections for thermocouple and cell
measurements. One of the main advantages of the base unit is the configuration of the
electrical connections that prevents the wires from touching each other and other parts of
the reactor as well as improving the integrity of the EIS and IV measurements. A heating
rope was wrapped around the gas lines and connected to a switch for an added option to

heat up the gases on their way to the cell to avoid condensation inside the base unit.

Conventional SOCs require two gas chambers for fuel and oxidant to be supplied
separately to the respective electrode. A three-tier extrusion in the shape of a pedestal
was used for this purpose as shown in Figure 4-3. There are 6 gold-plated pins and 4 gas
ports spread across two levels. Both levels of the pedestal have gas inlet and outlet ports
and 2 pins for electrical measurements; however, the lower level has an additional 2 pins
for a K-type thermocouple. All of them come out on the sides of the base unit as BNC
connectors, thermocouple socket and Swagelok® quick-connect brass couplings.
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A cell would sit on a 20 mm outer diameter (OD) alumina tube screwed onto the top of
the pedestal using a metal collar glued to it. The temperature of the base unit would not
exceed 120 °C, so a wider range of materials can be used. The total length of the reactor

is 650 mm, similar to the Probostat™.

Figure 4-3. Three-tier extrusion on the base unit.

A second chamber is created using a flat bottom quartz tube (40 mm OD) with two nitrile
O-rings and a stainless steel collar that threads onto the pedestal creating a gas-tight seal

as well as holding the tube in place.

It is important for the furnace to be non-inductively wired to prevent interference during
electrochemical measurements. Such a tube furnace with a 50 mm bore diameter and a

350 mm single heated zone was used in this work (Elite Thermal Systems Ltd.).

4.1.2 Optical Access

The second most important consideration for the design of this reactor was optical access
to collect in situ Raman spectroscopy measurements. The Raman microspectrometer
used for this work is described in Section 3.2.6. The machine was equipped with a sample
stage moving in X, Y and Z directions. A flexible microscope coupling arm was used to
redirect the laser beam horizontally and was attached to the XYZ stage using a custom-

made accessory, allowing for adjustment of the focus and position on the sample.
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Although long distance objectives were used, the space between the sample surface and
the microscope objective was less than 25 mm. Therefore, cooling of the objective was
vital. Cooling can be achieved using two mechanisms: convention (air cooling) or
conduction (water/antifreeze). The convention method was used in this work by

employing a coiled copper tube with holes to let the air out, see Figure 4-4.

Figure 4-4. Air cooling of microscope objective using coiled copper accessory.

4.1.3 Gas and Electrical Connections

Conventional fuel cell setups have two chambers to keep the oxidant and fuel gases
separate, therefore, each chamber contains gas inlet and outlet ports. 1/8” stainless steel
tubing was used to connect the ports to female Swagelock® quick-connect fittings on the
side of the base unit. The male stem parts with stop valves were secured onto the 4"
flexible tubing coming from the mass flow controllers or going to the vent to prevent gas
flow escaping into the room.

The opposite vertical plane contained a K-type thermocouple socket and the on/off switch
heating up the core of the base unit using rope heaters. The positive and negative
thermocouple wiring had designated gold-plated feedthroughs on the bottom of the
pedestal. Four more feedthroughs were used for electrical measurements, to connect to
the leads of electrochemical testing equipment through the base unit’s exterior BNC

(Bayonet Neill-Concelman) connectors. Platinum wires (0.5 mm @), connected to the
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cell at one end and a female socket at the other end, and were plugged into the

feedthroughs making the whole setup robust towards constant reassembly process.

Platinum mesh pressed onto a single platinum wire using a benchtop hydraulic press was
used for current collection on both sides of the cell. Prolonged heating and cooling cycles,
harsh environments, and reassembly processes resulted in the mesh breaking off at the
top, so later gold current collector meshes were screen printed directly onto fuel cell
electrodes. For comparison purposes, the electrical connections were also fabricated

using gold wire.

Figure 4-5. A side view of the reactor showing gas (left) and electrical (right) connections (GI —
gas in, GO —gas out, B1 & B2 — bottom pins, and T1 & T2 — top pins).

4.1.4 Temperature Control

The furnace was equipped with a Proportional-Integral-Derivative (PID) controller for
greater control over heating/cooling rates to preserve the reactor components and SOC
itself. Rapid temperature changes, combined with the effects of thermal expansion across
all the components could induce significant microstructural changes and even cracks
inside the multi-layered device. For this reason the heating rate was never greater than
5°C/min. Once the maximum temperature was reached slight temperature adjustments
were performed at the rate of 1°C/min. A K-type thermocouple, positioned on the edge
of the cell, was used to monitor and record the cell temperature throughout the

experiment.

The position of the reactor inside the furnace is important for temperature control. There

is greater heat loss when the reactor is positioned at the end of the furnace and exposed
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to air to allow optical access. Ceramic fibre insulation was used to cover the gaps between
the tube bore and the quartz tube to preserve as much heat as possible. The temperature
was adjusted according to the thermocouple readout to ensure the operating temperature

was reached.

4.1.5 Materials

The choice of materials suitable for the test apparatus was limited by the high temperature
of operation of SOCs and highly reducing and highly oxidising gas compositions. It was
important to select materials that would not react with the gases and interfere with the
spectroscopic measurements by poisoning the electrochemical cell (Cumming et al.,
2015). Stainless steel and polyether ether ketone (PEEK) thermoplastic polymer were
chosen as the main components for the base unit. PEEK has excellent mechanical and
chemical resistance properties at elevated temperatures and is both thermally and
electrically insulating. The components in the heated zone were fabricated from alumina,
quartz, and precious metals (platinum or gold). Another factor that needed to be taken
into account was the thermal expansion coefficient of the components located in the ‘hot-
zone’. The coefficient of thermal expansion of the alumina and quartz (fused silica) are
8.4 x 107%/°C and 0.55 107%/°C, respectively, hence alumina needed extra space to allow

for expansion without putting stress and eventually breaking the quartz outer tube .

4.1.6 Sealing of the SOC

Originally, Kerafol® KeraGlas ST K02 (Keramische Folien GmbH) glass sealing tape
was used to form a seal between the SOC electrolyte and the alumina tube. The tape
worked well in the vertical rig position and a good seal was achieved. Unfortunately,
when the reactor was operated in a horizontal position, the cell would slide down the tube

as the glass melted.

After numerous attempts to fix the issue, an alternative sealant was found. Vermiculite
compression gaskets, Thermiculite® 866 and 886LS, (Flexitallic, UK) were tested and
provided a good seal and easy removal. The 866LS was the preferred choice; the main
difference between the two is addition of glass powder to 866LS. As the glass powder
melts (~700 °C), a conformable and viscous layer is formed between the gasket and the
alumina surface, allowing for a seal to be created even when the compressive loading is

not too high.

53



Chapter 4: Experimental Apparatus Design and Commissioning

4.2 Full System Commissioning

The assembly of all the components described earlier is straightforward, however, each
component needs to be connected in the correct order (see Figure 4-6). Ceramic tubes

are used to seal the cell on as well as to direct gas from the base unit to the active electrode.

Since all of the experiments in this study focused on the fuel electrode, the air is delivered
to the electrode along the 4-bore alumina tube and fuel mixture through the quartz tube

just outside the cell.

Precious metal wires and mesh, in this case platinum, were used to measure
electrochemical performance of the SOC. Unlike Pomfret’s reactor, where the cell is
mounted onto a support tube using alumina paste (Pomfret et al., 2006), this reactor relies
on applied pressure to seal the sample and ensure good electrical connection between the

current collector wires and the electrodes.

Extra care was be taken when loading the cell; on heating up all of the components
expand, so to avoid breaking the cell, the bottom Pt wire was barely touching the cell on
assembly. The setup was completed with a quartz outer tube and a metal collar securing

everything in place.
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Step 1 — Assemble 4-bore gas inlet tube with Step 2 — Position a mica seal on the support tube
current collector wire inside alumina support rim.
tube.

»
»

Step 3 — Place a cell onto a mica seal. Step 4 — Place a current collector with a mesh on
top of the cell.

Step 5 — Place the spring-loaded triangular top Step 6 — Add quartz gas inlet tube.
plate and hook up the springs underneath the top
pedestal.

Step 7 — Add thermocouple and secure Step 8 — Close the reactor with a quartz tube and
connections in place. screw on a collar to hold the tube and create a
seal.

Figure 4-6. Step-by-step rig assembly procedure.
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4.2.1 Gas leak testing

The gas-tightness of the rig was tested using high-pressure compressed air and gas leak
detector spray. All fixings of the rig, where gas could escape, were checked and proved
to be leak-free. The potentially vulnerable location for gas leak was the quartz outer tube;
two rubber O-rings were placed onto the tube and lowered down to the base unit. The
seal was formed by sliding the outer tube flange down the quartz outer tube and tightening

it onto the threaded base unit part by rotating the flange.

Gas leak testing was also performed on gas lines coming from the cylinders to the MFCs
and to the rig each time the setup was modified. Carbon monoxide detectors were placed
next to the cylinder and the reactor to alert in case there was a leak and an oxygen

monitoring device was installed in the laboratory.

4.2.2 Temperature Monitoring

The heat is inevitably lost from the furnace and the reactor during operation. To reduce
these losses, high temperature glass wool insulation material was used on each side of the
tube furnace as well as on the rig’s outer tube. Closer to the base unit, where the
temperature was considerably lower, aluminium foil was used to secure the wool and

provide extra thermal insulation.

The temperatures of the cell and the microscope objective were continuously monitored
throughout the experiment using thermocouples located close to the hottest part of the
component. The objective temperature did rise above 50 °C but did not exceed 100 °C.
It was allowed to cool down slowly to avoid thermal shock and cracking of the objective
lens. The temperature profiles of the objective, furnace, and SOC are shown in Figure
4-7.
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Figure 4-7. Typical temperature recordings of the objective, furnace and cell during operando

measurements.

4.3 Raman microscope setup for in operando experiments
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Figure 4-8. Experimental setup for spectroelectrochemical characterisation of SOCs.

A number of different components and equipment are required to work simultaneously
for spectroelectrochemical operando SOC measurements. The whole setup of the test
bench for SOCs (excluding steam generator and compressed air cylinder) is shown in

Figure 4-8.
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4.4 Cell test methodology

Where possible, the same initial cell performance characterisation should be performed.

A typical experimental protocol is described below:

1.

Once the cell is assembled, focus Raman microscope objective on the surface of
the material under investigation.

Heat up the reactor at 5 °C/min in N2 until the operating temperature is reached.
Make sure to switch on the air cooling of the objective.

When the temperature is reached and stable, re-focus the objective as the cell will
expand on heating and the Raman microscope will be out of focus.

Reduce the cell if necessary, monitoring Raman spectra, re-focus the objective.
Monitor OCV and let the cell stabilise for 15-30 minutes.

Measure EIS and I-V curves.

Adjust gas composition, stabilise and measure the ‘initial’ EIS and I-V
characteristics.

Apply current/voltage for a certain period of time. Collect Raman Spectra
simultaneously, adjust the focus when needed.

Measure the ‘final” EIS and I-V characteristics.

Cool down the setup in N>.

The next steps relate to the data analysis:

Correct the data for inductance artefacts.

Correct the impedance and I-V data for cell geometry (for SOC — electrode area
A=nr?; pellet — geometric factor (GF)=d/A, where d=sample thickness (cm) and
A=electrode area (cm?)).

Use K-K transforms to validate the data.

Plot the data in different formalisms and fit to an equivalent circuit.

Remove the background from the Raman spectra if necessary and de-convolute

the Raman peaks.

4.5 Electrochemical data acquisition

Electrochemical impedance spectroscopy (EIS) is a powerful, non-destructive technique

for characterisation bulk material, surfaces, and electrochemical systems. It is also a very
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sensitive technique, therefore, experimental EIS results are often affected by parasitic
inductance effects. These effects originate not only from the sample under study but also
the test rig and cables connected to the electrochemical interface. Although the parasitic
inductance affects are more pronounced at higher frequencies, they can have significant
effect on the middle and low frequency range (Raikova et al., 2009). The inductance
errors can have a strong influence on the accuracy of the EIS data and hence need to be

taken into account.

4.5.1 Inductance correction

To correct for inductance effects, a closed circuit experiment between two Pt wires and
Pt mesh was carried out at different temperatures, in the frequency range 1MHz to 0.1
Hz. There was a significant amount of noise in the lower frequency region of the
imaginary component (Figure 4-9), so the average values for resistance and inductance
values were extracted across the linear regions (approximately 1 kHz — 10 Hz for
resistance and 100 kHz — 10 kHz for inductance) from Z’ and Z” data, respectively.
Inductors are purely reactive components, and they influence only the reactive, imaginary
part of the impedance.
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Figure 4-9. A plot of resistance and inductance versus frequency for 600 °C closed circuit

experiment (on heating).

The experiment was carried across the operating temperature region (600 — 900 °C) on

both heating and cooling cycles. To have a real representation of the scale of the errors,
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the rig was re-assembled prior to testing. Figure 4-10 and Figure 4-11 show the average
resistance and inductance versus temperature for the closed circuit experiments. The
average error for the resistance values across the temperature range were 0.56% on
heating and 0.41% on cooling. The inductance errors were consistently larger, likely due

to noisier data, 1.94% on both heating and on cooling.
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Figure 4-10. A plot of resistance versus temperature for closed circuit experiment.
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Figure 4-11. A plot of inductance versus temperature for closed circuit experiment.

For data comparison, the manually calculated inductance error was compared to the

values extracted from the online software DRT Tools (Wan et al., 2015). The associated
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inductance was 1.298E-06 H and 1.07E-06 H, respectively. Figure 4-12 illustrates the
experimental data on a Bode plot and corresponding distribution of relaxations times.
At a first glance, the Bode plot is not significantly affected by the correction, however,
DRT comparison shows the decrease in magnitude of DRT peaks at lower frequencies.
These effects are even more pronounced at higher temperatures as the test sample
resistance decreases. Where the data are not corrected for inductance errors, the series
resistance, Rs, is underestimated and the polarization resistance, Rp, is overestimated
(Thompson et al., 2015).

10° 10° 102 10° 10*
Frequency (Hz)

oo —o—1=0
2f Fa —o—=1298E-6H J
ol —e—=107E6H

10° 10° 10? 10° 10*
Frequency (Hz)

Figure 4-12. Bode plot of Z' vs frequency for uncorrected and two inductance-corrected data
(top) and the corresponding DRT (bottom)?2.

3 The DRT analysis was done by A. R. Thompson using her own programme code written in MATLAB.
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Figure 4-13. Nyquist plot of impedance data with two induction corrections (L) applied.

A Nyaquist plot shows the uncorrected data (L=0) and two inductance-corrected spectra,
see Figure 4-13. When the experimentally measured inductance value (L=1.298E-06 H)
is subtracted from the raw data, the Z” points of the inductive tail do not cross the axis,
meaning that the data are overcorrected. The value obtained from DRT Tools software
(L=1.07E-06 H), however, generated a much better fit hence they were used for the

inductance correction.

4.5.2 Data quality measurement (Kramers-Kronig validation)

For an accurate interpretation of impedance data, the experimental data must be of high
quality and error-free. In practice, however, small changes often occur during
measurements, such as electrode poisoning, changes in the surface conditions or noise in
the system. These changes in the experimental environment are easily detected by

Kramers-Kronig (K-K) transforms described in Section 2.4.

Linear Kramers-Kronig Validity Test (LIN-KK Tool) (version 1.3 (16.12.2015)) written
by the researchers at Karlsruhe Institute of Technology as a MATLAB® code was used
to calculate the residual patterns (Boukamp, 1995, Schonleber et al., 2014, Schonleber,
2014).

62



Chapter 4: Experimental Apparatus Design and Commissioning

b)

—o— QOriginal Spectrum
—o— Fit

K-K Residual (%)

0.8
0.6

0.4 1

-0.6

-0.8 1

—o— Residual Real
o— Residual Imag

T rorrTTTT AL AL r
10 100 1000 10000
Frequency (Hz)

Figure 4-14. Examples of original spectrum, fitted (a) and residual (b) pattern of the Kramers-

Kronig test performed on the impedance spectrum of the cell operated at 700 °C in H.

Figure 4-14 shows an example K-K validation of the impedance spectrum for the SOC at

700 °C. The impedance data were fitted without any inductive region data (Im > 0) to

exclude unavoidable inductive effects from the calculations. The residual error patterns

of the real and imaginary components of the EIS showed relative small errors that

typically did not exceed +0.5% with low levels of noise at lower frequencies, obeying the

Kramers-Kronig transformation. This means that the data is of good quality and can be

used for further analysis, such as DRT if necessary.
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This chapter outlines the operando Raman spectroscopy testing of the planar Ni-
YSZ|YScSZ|LSM-YSZ/LSM solid oxide cells. The samples were characterised at
700 °C in 50/50 CO,/CO oxidant/reductant ratio and under 100 mA cm negative bias
(electrolysis conditions). Carbon formation kinetics on the surfaces of Ni-YSZ cermet is
presented alongside the electrochemical measurements. The effect of carbon deposition
on the Ni-YSZ electrode is analysed post mortem using a combination of scanning
electron microscopy and Raman spectroscopy.

5.1 Cell preparation

The cells used for this study used YScSZ electrolyte purchased from Kerafol - Ceramic
tapes GmbH. The electrolytes were tape casted as one sheet, sintered to 100 nm thick

and laser cut to size. Ni-YSZ and LSM-YSZ electrodes and LSM current collector were
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screen-printed in house to a green thickness of ca. 20 um and sintered in air. The exact
conditions are described in Section 3.1.3. A thin gold current collector mesh was

deposited on the Ni-YSZ and cured at 800 °C for 2h prior to testing.

5.2 Benchmarking of the cells in H;

Prior to testing the cell in the desired atmosphere, NiO needs to be reduced to metallic
nickel to be able to conduct electrons. Cell 1 and 2 were benchmarked against each other
in H2 (50 H2 / 50N) at 700 °C. Figure 5-1 shows the Nyquist and Bode plots of the EIS

data for cells 1 and 2.
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Figure 5-1. Nyquist (top) and Bode (bottom) plots of EIS data of cell 1 and 2 in Hz at 700 °C.

Both cells had similar ohmic resistances (Rohm), however, the polarisation resistance
(Rp) of cell 1 was approximately 4 Q cm? larger. This was also reflected on the i-V and

power density measurements in Figure 5-2.

The EIS data was fitted with an equivalent circuit model, with a series resistor

representing SOC’s electrolyte (R0) and three resistor circuits connected to constant
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phase element component (CPE) in parallel (R1-CPE1, R2-CPE2 and R3-CPE3). The

overall model used for fitting is shown in Figure 5-3.
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Figure 5-2. Current-voltage characteristics and power density of cells 1 and 2 in Hz at 700 °C.

R1 R2

R3

Figure 5-3. Equivalent circuit model used to fit EIS data in Figure 5-1.

The resistance and capacitance values (approximate*) for each of the components are

summarised in Table 5-1.

4 A semi-circle arc was fitted mathematically to obtain the f max values to calculate the capacitance from

the associated resistances with £10% error in values.
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According to the capacitance values assignment in Table 2-2, R1-CPE1 and R2-CP2
correspond to the sample-electrode interface and potentially an electrochemical reaction
for R3-CPES.

Table 5-1. Resistance and capacitance values for cells 1 &2 in Hz at 700 °C.

RO R1 C1 R2 C2 R3 C3
Qcm?)  (Qcm?) (Fcm?) Qcm?)  (Fecm?) (Qem?)  (Fem?)
Cell 1 0.967 0.768 2.02E-05 9.91 2.96E-05 3.55 7.79E-03
Cell 2 1.16 154 2.06E-05 13.26 4.08E-05 6.04 4.06E-03

5.3 Operando Raman spectroscopy monitoring of carbon
deposition

Following the benchmark, the gas composition was changed to 50/50 ratio of CO,/CO
and allowed to stabilise. EIS data were measured before and after applying 100 mA cm2
negative bias to the cell and monitoring carbon formation kinetics on the surface of
Ni- YSZ electrode. Raman spectra were collected at 20 s intervals in the region of
1150 — 1700 cm™ for 3 and 5 h for cell 1 and 2, respectively.

These measurements were collected using the reactor described in the previous chapter.
The Raman spectra showed two peaks characteristic to the two main carbon peaks of
D (1350 cm™) and G (1590 cm™).

The carbon deposition was observed shortly after the bias was applied and continued to
increase in signal until approximately 1 hour of operation. The intensity stayed almost
unchanged. The intensity of the Raman data relies on the sample analysed to be in focus
at all times, however, at high temperatures there are small surface transformations
happening all the time; e.g. structural due to localised cooling or heating of the cell. This
was achieved by manually adjusting the focus on the microscope when required. Both
cells showed similar amount of carbon growth on the fuel electrode surface as shown in

Figure 5-4.
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Figure 5-4. Carbon D and G peak intensities obtained from Raman spectra collected at 700 °C in
50/50 CO,/CO and 100 mA cm-2 negative bias for cell 1 (left) and 2 (right). The intensities were
obrained by integrating both peaks.

Raman spectra of D and G peak region extracted at regular 35 min intervals are presented

in Figure 5-5.

It can be seen that the onset of carbon formation was sooner for the cell 1

compared to cell 2. However, this may not be the actual truth, mainly because Raman

measurement is collected at one spot at each time, so carbon could have been forming

elsewhere on the electrode.
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Figure 5-5. Operando Raman measurements taken at different time intervals, showing carbon
growth kinetics at 700 °C in 50/50 CO2/CO and 100 mA cm negative bias.

The EIS data for 50/50 CO,/CO atmospheres are shown in Figure 5-6 before and after

100 mA cm 2

polarisation resistance.

of current was applied to the cells.

Both showed decrease in the
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Figure 5-6. Nyquist (top) and Bode (bottom) plots of EIS data of cell 1 (blue) and 2 (red) in before
and after CO: electrolysis at 700 °C.

Unlike the data collected in highly reducing atmosphere, the CO2/CO can only be fitted
with arc to obtain the overall resistance and capacitance values. These are shown in table

below:

Table 5-2. Resistance and capacitance values before and after bias has been applied to the cell.

RO R2 C2
(Qcm?) (Qcm?) (F cm?)
Cell 1 Before 1.01 64.86 1.55E-04
After 1.12 22.25 1.16E-02
Cell 2 Before 0.868 69.04 1.43E-04
After 1.49 38.776 1.15E-02

The resistance of the cell 1 decreases from 64.86 to 22.24 Q cm? while the capacitance
increases significantly: from 1.55E-04 to 1.16E-02 F cm™. Similar increases in R and C
values were observed for cell 2. Again, large capacitances suggest that the R2-CPE2

corresponds to the electrochemical processes of the SOC electrode.
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Both cells 1 and 2 show a shift in frequency after the operation, suggesting that the

reaction mechanism is different to the one before (Figure 5-6, Bode plots).

Researchers have previously reported the activation of the LSM electrode by applied
potential, resulting the large reduction of the polarisation resistance (Haider and
Mclintosh, 2009). This activation process can be explained by the removal of SrO species

from LSM surface and the reduction of Mg ions with oxygen vacancies (Jiang, 2007).

5.4 Exsitu analysis of SOCs

5.4.1 Ex situ Raman spectroscopy analysis of carbon deposits

Carbon deposits formed on the surface of Ni-YSZ electrode were analysed post-mortem
using Raman spectroscopy method described in section 3.2.6. The most common forms
of carbon observed were shapeless lumps or rods. Examples of these are presented in
Figure 5-7, Figure 5-9 and Figure 5-11. The collected Raman spectra further revealed the
differences in carbon deposits.

The Raman spectrum carbon of consists of first (1000 — 1800 cm™) and second-order
(2500 — 3100 cm™) regions. This work, however, focused on the analysis of the first-

order region only.

The majority of carbonaceous materials have two distinctive peaks appearing at around
1350 cm™ (D peak) and 1590 cm™ (G peak) in the first-order Raman spectrum. G peak
is a stretching mode of Ezq symmetry at sp? site of graphite, whereas D is ascribed to
structural disorder (Seong and Boehman, 2013). Disordered and amorphous carbons have
three additional Raman bands at around 1200 cm™ (D4), 1500 cm™ (D3), and 1620 cm*
(D2) that relate to sp®-defects and impurities (Sadezky et al., 2005).

There have been many studies investigating the best peak decomposition methodology
for treating Raman data (Ferrari and Robertson, 2000, Kouketsu et al., 2013, Seong and
Boehman, 2013). However, there is still no clear consensus on peak-fitting procedure,

particularly for lower grade carbonaceous material, such as amorphous carbon.

OriginPro software was used to fit 4 Lorentzian and 1 Gaussian (4L1G) curves to the five
characteristic Raman bands similar to the method suggested by Seong and Boehman
(2013). Other functions were trialled: pure Gaussian, Voigt, and pseudo-Voigt, mix of

Lorentzian and pseudo-Voigt, however, 4L1G gave the best curve-fitted spectra. In all
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cases G band was fixed at 1590 cm™ and Gaussian function was used to fit D3 band.
Asterisks next to the band name mean that the position of that band was fixed. Additional
X band (~1100 cm™) and A band (~1420 cm™) were also fitted to graphs in Figure 5-10
and Figure 5-12. No valid explanation has been found for the two bands to author’s

knowledge.

The ratio between the D1 and G peak intensities can provide valuable information about
the degree of structural disorder in carbon. Upon carbonization, intensity ratios Ipi/lc
increase, whereas Ip1/lc decrease during graphitization (Bernard et al., 2010). If the D1/G
intensity ratio is higher than 1.0 (G band is lower than the D1) the carbon is less structured

and contains containing sp® lattice defects.

Figure 5-7. Raman microscope image of carbon deposit CD1.
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Figure 5-8. Deconvoluted Raman spectrum of CD1 carbon deposit.
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Figure 5-9. Raman microscope image of carbon deposit CD2.
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Figure 5-10. Deconvoluted Raman spectrum of CD2 carbon deposit.

An additional peak, X, around 1100 cm™ was detected during the deconvolution of CD2
Raman spectrum (Figure 5-10). An increase in FWHM of the D4 peak was also observed
(Table 5-3); this peak is commonly associated with presence of C-C and C=C stretching
vibrations (Ferrari and Robertson, 2000). From the data in Figure 5-10, it was unclear if
peak X came from the carbonaceous material itself or from the Ni-YSZ or other surface

impurity.

Similarly, Raman spectrum of CD3 (Figure 5-12) has a small band X present at
1091 cm L. In order to fit the X band that has a small peak area, D4 was fixed. In this
spectrum A band was present in the region of approximately 1300 — 1550 cm™. A band
in the same region was also observed by Gomez Sanz (2014) on the surface of zeolite

catalyst after n-butane cracking.
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Figure 5-11. Raman microscope image of carbon rod deposit CD3.
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Figure 5-12. Deconvoluted Raman spectrum of CD3 carbon rod deposit.

The Raman curve-fitting parameters of carbonaceous materials CD1, CD2, and CD3 are
summarised in Table 5-3. The height ratio of D1 to G (Ip1/lg) and the area ratio of D1 to
G (Api/Ac) were also calculated. Ipi/lg ratios of 1.98+0.3, 2.32+0.2, ad 1.51+0.3 were
obtained for samples CD1, CD2, and CD3, respectively. All of these values are higher than 1,
suggesting formation of sp3-type defects in the sp? graphitic network. Presence of
vacancies, grain boundaries and impurities are often what causes the disorder (Sadezky
et al., 2005).
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Table 5-3. Positions of the Raman bands, FWHM, Ipi/lc, and Api/Ac ratios for carbon deposits
CD1, CD2, and CD3 fitted with Gaussian (G) and Lorentzian (L) functions.

CD1 CD2 CD3
X (L) Position (cm™) . 1102 1091
FWHM . 53 26
D4 (L) Position (cm™) 1268 1210 1245
FWHM 348 127 131
D1 (L) Position (cm™) 1348 1351 1347
FWHM 113 115 95
AL Position (cm™) - - 1430
FWHM . . 95
D3 (G) Position (cm™) 1497 1531 1541
FWHM 178 168 129
G L) Position (cm™) 1590 1590 1590
FWHM 56 71 66
D2 (L) Position (cm™) 1613 1614 1616
FWHM 46 63 45
Ratios
I/l 1.9840.3  2.32+0.2 1.51+0.3
Ani/Ac 3.84+0.4  3.62405  2.17+0.4

5.4.2 Post-mortem SEM characterisation of Ni-YSZ electrodes

5.4.2.1 Surface carbon

Scanning electron image (SE)

Back-scattered electron image (BSE)
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Figure 5-13. Scanning electron (SE) and backscattered electron (BSE) images of different carbon

deposits at X2.4k magnification.

Figure 5-14. SEM image of carbon rod formed on Ni-YSZ suface (including approximate diameter

measurements).
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SEM results showed larger carbon deposits and rod-like structures distributed across the
Ni-YSZ electrode. The contrast in the backscattered spectrum confirms that these are
lighter in weight compared to the Ni-YSZ.

The diameter of the carbon rod formed on the surface was ca. 4.5 um. The magnified

images of the Ni-YSZ matrix are shown in Figure 5-15.

Figure 5-15. SEM images of Ni-YSZ surface after 3h CO2 electrolysis under 100 mA cm bias at
X15k (left) and X40k(right) magnification (cell 1).

Upon further investigation more carbon nanofibers were found close to the
electrode/electrolyte interface. The fibres encapsulate Ni grains and can have a
detrimental effect on the cell microstructure that could later lead to cell failure by
electrode delamination (Tao et al., 2014).

The SEM images below show the extent of C formation during CO; electrolysis at 700°C.
As expected, cell 2 (Figure 5-17) that has been run for 2 hours longer than cell 1 (Figure
5-16), showed more carbon formation in the electrode/electrolyte region. These
observations are in line with the finding by Duboviks et al. (2015).
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Figure 5-16. SEM images of Ni-YSZ at the electrode/electrolyte interface after 3h CO: electrolysis
operation under 100 mA cm bias at X20k (left) and X40k(right) magnification (cell 1).

Figure 5-17. SEM images of Ni-YSZ at the electrode/electrolyte interface after 5h CO: electrolysis
operation under 100 mA cm bias at X20k (top left), X40k(top right) and X80k magnification
(cell 2).
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5.5 Summary

Carbon deposition on the Ni-YSZ electrodes during CO electrolysis has been
investigated using a newly developed operando reactor to collect simultaneous Raman
spectroscopy and electrochemical measurements. The carbon formations of disordered
structure were observed on the surface of the electrode, however, the majority of it was
found at the electrode/electrolyte interface (Duboviks et al., 2015). The formation of
carbon deposits is believed to be due to the shift in the Boudouard reaction equilibrium
(2CO — C + CO) to the carbon deposition region, caused by the endothermic CO>
electrolysis reaction.
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ceramic electrode materials

A vast amount of effort is being devoted to the development of novel, high performance
ceramic materials for SOC electrode applications to improve the economics of
electrolysis. Mixed ionic-electronic conductors (MIEC) are widely used in energy
conversion and storage devices, such as fuel cells and batteries. These materials conduct
both ion and electronic charge carriers, namely electrons and/or holes, and can be single
or multi-phase. The ionic and electronic conductivities of MIEC materials can be
enhanced by controlling material composition, oxygen nonstoichiometry and defects (Lu,
2014).

The above properties make MIECs highly desirable materials for solid oxide
electrolysers. Dual-phase MIECs based on spinel of iron ferrite (Co, Ni or Mn) and
gadolinium-doped ceria offer reasonable oxygen permeation, as well as electronic
conductivity, and high tolerance to CO2, make them a good candidate for SOC fuel
electrodes (Lin et al., 2015).

This chapter presents a material synthesis and characterisation study of CoFe>O4 (CFO)
spinels, to assess its suitability for use as part of a dual-phase mixed ionic-electronic
conductors for solid oxide electrolysis cell cathodes. Oxygen-deficient CFO and
Ceo.80Smo20,-5 (SDC) were used as electron-conducting and oxygen-ion conducting

phases, respectively. CFO material was prepared by solid-state reaction and sintered into
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pellets at different temperatures and atmospheres. Following this the structural and
thermal compatibility of the synthesised CFO and SDC nanoparticles were evaluated to
select the most suitable condition for producing a symmetric cell that was tested for

potential application as a SOC electrode for CO2/CO reduction/oxidation.

6.1 Structural and morphological characterisation of CoFe,04
powder

The initial characterisation of the starting reagents was performed using XRD (Cu Ka A
= 1.5405 A) radiation to confirm the structure of the materials and absence of phases.
The XRD patterns of Fe>Os and Co3O4 were in good agreement with the Powder
Diffraction Files (PDF) cards no. 01-077-9926 and 01-078-1969 from the International
Centre for Diffraction Data (ICDD) of a rhombohedral o-Fe2O3z and cubic Co0304,
respectively. The XRD patterns labelled with Miller indices (h k I) are shown in Figure
6-1.
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Figure 6-1. XRD patterns of (1) a-Fe:Os and (2) CosO4 starting materials.

CoFe20s (CFO) powder was synthesised using the solid-state method, combining
stoichiometric amounts of a-Fe2O4 and Coz04 precursors. The detailed synthesis method
used for preparation of the CFO powder was described earlier in Section 3.1.1. To ensure
the correct stoichiometry and material properties (e.g. electrical) of the product, the raw
materials were dried prior to weighing to eliminate the contribution of adsorbed water
vapour, CO> and other volatile organic residues to the solid state reaction (Boston et al.,
2017). According to the phase diagram in Figure 6-2, the cubic spinel structure of CFO
can be obtained at temperatures as low as 740 °C but not necessarily achieving a 100%

reaction yield.
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Galizia (2017) studied the effect of particle size of the starting materials on the reaction
yield for the production of CFO; the results showed that nano-sized oxide precursors
required a shorter calcination time as well as a lower temperature to form a single phase
material. Despite this, the effect of temperature, described by the Arrhenius equation
(6.1), remains the most important parameter influencing the reaction kinetics.
Eq
e = Ae BT (6.1)

Here, k is the rate constant, A the pre-exponential constant for each chemical reaction, E,,
is the reaction activation energy, R is the universal gas constant (8.314 J K mol™) and T
is the absolute temperature.

Calcination temperatures of 800, 900 and 1000 °C were investigated. The XRD pattern
of powder calcined at 800°C showed more than one phase present (unreacted precursors)
and both 900 and 1000°C temperatures resulted in single phase CFO. The calcination
temperature of 900 °C was chosen as the optimum temperature for preparation of the CFO
powder to keep the particle size as small as possible.
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Figure 6-2. Fe-Co-O: oxide phase diagram at atmospheric pO2. Adapted from FactSage™ (2010).

The XRD pattern of the synthesised CFO material presented in Figure 6-3 closely
matched ICDD PDF card no. 00-066-0244 (Kumar et al., 2014). The crystallite size of
the CFO powder was determined from the XRD line-broadening of the most intense

diffraction peak (311) using the Scherrer formula:
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092
" BcosB

(6.2)

where A is the radiation wavelength, £ is the full width at half maximum (FWHM) and 6

is the Bragg diffraction angle. The calculated crystallite size was 33.4+0.99 nm.

The lattice microstrain estimation was obtained from Williamson-Hall’s plot using full
width at half maximum (FWHM) of the XRD peaks and their corresponding diffraction

angles using the following equation:

B

L — 6.3
&tr = A tan 6 ©3)

where &g, IS the lattice strain. The results suggested an average lattice strain of
1.77E- 04+8.53E-05 for freshly prepared powders.
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Figure 6-3. XRD pattern of synthesised CoFe20s material.

The density of the calcined CFO powder was measured using a AccuPyc 11 1340 Series
Pycnometer and was found to be 5.20+0.01 g cm, which is 98.3% of the theoretical
density, taken as 5.29 g cm™ (Thang et al., 2005).

The particle size analysis was performed using a Mastersizer 3000 (Malvern Instruments
Ltd), based on the dynamic light scattering effect. A volume mean of 12.13+£1.25 um
(from D [4,3]) was obtained for the CFO powder prepared by solid state reaction. D [4,3]
IS sensitive to the presence of larger particles/agglomerates in the distribution, hence is
often reported alongside Dx (10), Dx (50), the median, and Dx (90) values. In this case,
10%, 50% and 90% of the population lies below 3.70+0.11, 8.34+0.38 and 26.40+4.20
um, respectively. The obtained result is presented in Figure 6-4.
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Figure 6-4. Particle size distribution of CFO powders calcined at 900 °C for 2 h.

Further investigation of the powder morphology revealed the presence of CFO aggregates
and agglomerates with highly porous surface morphology, and primary particles of less
than 1 um (Figure 6-5). The magnetic nature of CFO and the van der Waals surface
interactions often cause aggregation and agglomeration of the particles (Kurian et al.,
2015). Therefore, the particle size analyser results mainly consist of the size distribution

of the particle aggregates rather than the primary particles.
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Figure 6-5. SEM images of CFO powder calcined at 900 °C for 2h at (a) 5,000, (b) 20,000, (c)
40,000 and (d) 80,000 magnification.

6.1.1 Thermal analysis

To understand the thermal decomposition behaviour of the CFO powder during sintering,
thermogravimetric analyses (TGA) were performed under different atmospheres: air and
nitrogen, at 10°C/min from ambient temperature to 1400°C. Cooling of the sample was

also monitored. The results obtained are presented in Figure 6-6.

The thermograms of CFO powders revealed a total weight loss of 0.24 and 1.01% under
air and N2 flow, respectively. Both samples have lost a negligible amount adsorbed
moisture; however, under nitrogen flow, the CFO material lost weight at a faster rate on
heating compared to the sample under air flux. The onset of the rapid weight loss started
at 1120°C. Loss continued up to the maximum temperature of 1400°C and continued to
losing weight on the cooling cycle until approximately 1300°C. Between 1300 — 200°C
the sample regained a small percentage of mass.
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On the contrary, the CFO powder analysed under air flow only lost weight on heating
until 1040°C when it started to gain weight continuously until the cooling cycle reached

approximately 980°C, when it began to lose weight again.
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Figure 6-6. TGA curves for CFO powder under air and nitrogen atmospheres.

Many oxides lose oxygen at higher temperatures, creating oxygen vacancies, some of
which may reabsorb depending on the cooling rate and oxygen availability (Gutiérrez-
Lopez et al., 2016). The TGA results suggest that CFO will lose oxygen under both
atmospheres to create oxygen-deficient CoFe2Oass; however, sintering samples in
nitrogen would result in more prominent oxygen loss at lower temperatures, compared to
the traditional method of sintering in air, achieving higher electrical conductivity.

6.2 CFO pellet sintering and characterisation

To investigate the properties of CoFe20s, the calcined powder was pressed into pellets
that were sintered at three different temperatures, either in static air or under a flow of No.
The pellets were sintered at 1200, 1300, and 1400 °C for 2 hours without the use of a
binder. The density of the pellets was measured using Archimedes’ principle
(Section 3.2.1) and increased with increasing temperature (Figure 6-7), achieving a
maximum (theoretical) density of 97.8 and 99.4% in air and N, respectively. The
theoretical density of the CoFe2O4 was taken as 5.23 g cm™ (Fiorillo and Mayergoyz,

2004, Neelakanta, 1995).
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Figure 6-7. The effect of sintering temperature on the theoretical density of the CFO pellets.

6.2.1 X-ray Powder Diffraction

6.2.1.1 Phase analysis

The powder XRD patterns of crushed CFO pellets, measured at room temperature using
molybdenum radiation (0.7093 A), are shown in Figure 6-8 and Figure 6-9. The main
diffraction peaks of the CoFe>O4 crystal structure were present in all samples. The
observed Bragg's reflections from (220), (311), (222), (400), (422), (511) and (440)
planes confirm a well-crystallized cubic spinel structure with the Fd3m space group
symmetry. No impurity phases were detected in any of the samples sintered in air, or in
the sample sintered at 1200°C in N2. Additional diffraction peaks were detected for the
1300 and 1400°C pellets sintered in N2 (Figure 6-9). The ICDD PDF-4+ database was
used to identify the secondary phase. The patterns that matched closely were all metal
monoxides: CoO (PDF #01-071-1178) (Sasaki et al., 1979), Feo.1C0090 (PDF #04-019-
5918) (Proskurina et al., 2004) and Feos5Co0s50 (PDF #04-02-6420) (Schmidt, 2008).
Figure 6-10 shows the comparison of these spectra against CFO 1400°C N2 sample.

All three patterns are based on the W(istite structure crystal structure, Fm3m space group,
and the lattice parameters very close to each other: a = 4.263 A for CoO, a = 4.250 A for
Feo.1C0090 and a = 4.278 A for FeosCo00s0. According to the Fes0s~Co304 phase
diagram, the coexistence of a spinel and monoxide phases above 950 °C is permitted (Le
Trong et al., 2015), so it is possible that the phase is a mixed Co-Fe monoxide

(CoyFei-)O.
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Figure 6-8. XRD patterns of CFO calcined powder and crushed pellets sintered at 1200, 1300 and

1400°C in air.
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Figure 6-9. XRD patterns of CFO calcined powder and crushed pellets sintered at 1200, 1300 and

1400°C under a flow of N2. Extra peaks marked by the asterisks indicate secondary phase.
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Figure 6-10. Comparison of XRD patterns of CFO 1400°C N against CoO, Fe.1C00.50 and
FeosCoos50 patterns from ICDD PDF-4+ database.

The crystallite size of the CFO powders from crushed pellets was estimated from the

FWHM of the strongest diffraction peak using Scherrer’s formula in equation (6.2).

Table 6-1 shows the crystallite size and microstrain for the sintered pellets. The
microstrain was obtained from the Williamson-Hall plots as a slope of the linear fit
(equation (6.3)).
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Table 6-1. CFO crystallite size and lattice strain estimation using Scherrer’s equation and
Williamson-Hall plots.

Crystallite size and
lattice strain from XRD

Atmosphere Sintering temperature D (nm) Estr

0
Air 1200 28 0.000446
1300 26 0.000579
1400 25 0.000615
N2 1200 26 0.000504
1300 25 0.000585
1400 26 0.000276

There was very little difference in the crystallite size between the samples sintered at
different temperatures and atmospheres. The estimated crystallite size was calculated to
be within the range of 25-30 nm, however, this is too low for the ceramics prepared by

solid-state reaction.

The lattice microstrain, on the other hand, increased with increasing temperature, apart
from the CFO 1400°C N pellet, which has a notable amount of monoxide phase present,

potentially inducing microstrain relaxation.

6.2.1.2 Rietveld refinement

The XRD pattern of CFO calcined powder was analysed by Rietveld Refinement using
GSAS/EXPGUI software (Toby, 2001, Larson, 2000). The obtained CFO pattern together
with the background, calculated and difference fits from the refinement are shown in
Figure 6-11.
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Figure 6-11. Rietveld refinement profile of the powder XRD pattern obtained for CoFe204

synthesised via solid state reaction.

The Rietveld structural refinement of XRD data can be a useful technique for determining
the cation distribution at crystallographically distinct tetrahedral and octahedral sites of
spinel materials (8a and 16d, respectively). During the refinement, the constraints were
set for cations’ x, y, z-positional coordinates, isotropic thermal parameters (Uiso) and site
occupancy fractions to obtain reasonable results. The occupancy of O atoms was fixed
to 1 and excluded from the refinement due to XRD’s lower sensitivity to oxygen (Sahu

and Panigrahi, 2011, Yaremchenko et al., 2017).

The refinement confirmed a mixed spinel structure with Co?* predominantly occupying
Tq sites. The parameters obtained from the Rietveld refinement of the calcined CFO

powder are summarised in Table 6-2.

The cation distribution gives an overall formula of Co1.s8Fe0.904 which would mean that
the spinel structure is closer to normal than inverse. However, due to the X-ray scattering
factor of Co being very close to that of Fe, it is difficult to determine the Co?" and Fe®*

cation distribution across Tq and O sites using XRD (Skolnick et al., 1958).
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Table 6-2. The structural parameters of CoFe204 inverse spinel material obtained from Rietveld

refinement of XRD pattern in Figure 6-11.

CoFe20s, space group: Fd3m (cubic), a = 8.3933 +0.00012 A, Density = 5.251 g cm

Atom Wyckoff X Y z Occupancy  Uis (A%
Fewed* 8a 0.125 0.125 0.125 0.1971 0.00905
Corw?* 8a 0.125 0.125 0.125 0.8029 0.00905
Feo®* 16d 0.5 0.5 0.5 0.2539 0.01056
Cooct?* 16d 0.5 0.5 0.5 0.7461 0.01056
0] 32e 0.25654 0.25654 0.25654 1.00 0.00895

The quality indicators were R, = 7.87%, R,, = 6.14% and y* =1.09. The tetrahedral (Fetr-O) and
octahedral (Feoe-O and Cooe-O) bond lengths were 1.9123 and 2.0448 A, respectively.

The same refinement strategy was used for powder XRD analysis of crushed pellet
samples. The XRD refinement was continuous until convergence with a refinement

quality factor, x?, close to 1 was achieved. The results are presented in Table 6-3.

The refinement of the Co and Fe cation distribution over the A and B sites in the spinel
CFO was performed; however, distinguishing between two neighbouring atoms, like
Co (Z=27) and Fe (Z=26), is usually difficult due to the small contrast of X-ray scattering
among these atoms (Mackay and Henderson, 2017, Cheetham and Wilkinson, 2003,
Gomes et al., 2005). Therefore, it is even more challenging to differentiate between the
oxidation states of adjacent cations. X-ray photoelectron spectroscopy was used as a
complimentary technique to XRD to understand the cation distribution of the CFO

compounds.

The lattice volume was calculated from the lattice parameter, a, see Table 6-3. The
refinement results showed a small, non-linear change in the lattice volume of the CFO
samples. It initially increased with increasing temperature (1200 to 1300°C) and then
began to decrease for the 1400°C samples. These volumetric changes often occur in
oxides with variable-valence cations in response to a compositional change, such as

oxygen non-stoichiometry.

Since spinel materials are prone to losing oxygen at higher sintering temperatures, the
results were expected to show the expansion of the cell volume as the processing
temperature increased. On the contrary, the samples sintered at 1400°C (both air and N>)
had lower cell volume than those from 1300°C. The tetrahedral and octahedral hoping
distances, daand ds, followed the same trend. The changes in the bond lengths, however,
could explain these variations. For 1400°C Air samples there was a noticeable decrease

in the tetrahedral (dax) and an increase in octahedral (dex) bond lengths. For the
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corresponding N2 sample, bond lengths changed in reverse; possibly due to the effect of
the lower oxygen partial pressure (pO2) and secondary phase formation. A small amount

of secondary phase is also present in 1300°C N2 samples, previously shown in Figure 6-9.

Moreover, these results suggest that the effect of the sintering atmosphere on the unit cell
volume was greater than the effect of the temperature. Unexpectedly, the unit cell
parameters were lower for the samples prepared in low pO2than in air. The cause of this
is not fully understood and requires further, more in-depth investigation, preferably using
neutron diffraction, to explain these variations and provide more sensitive information

about the cation distribution and oxygen non-stoichiometry.

Since an inverse spinel is defined as containing 100% of its Co in Oh sites (y=1) whereas
a normal spinel has 100% in Td sites (y=0), the spinel inversion parameter, y, can be
obtained from the occupation of the cobalt octahedral sites, in this case Co?" 16d
(Aghavnian et al., 2015). From the Rietveld refinement data the percentage of Co?" in Oh
sites across the three temperatures (1200, 1300 and 1400 °C) was found to be 87.7%,
77.2% and 32.9%, and 38.0%, 36.0% and 42.0% for air and N2 sintering atmospheres,

respectively.
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Table 6-3. Crystallographic data obtained from Rietveld structural analysis of the powder XRD

data of CFO crushed pellet samples.

CoFe,04

Air N2
Sintering
temperature 1200 1300 1400 1200 1300" 1400°
(°C)
a (A) 8.3832 8.3846 8.3840 8.3548 8.3567 8.3469

+0.00012  +0.00014  +0.000092  +0.0013  +0.00014  +0.00024
\(/:g;me 589.16 589.45 589.32 583.19 583.59 581.53
) +0.025 +0.030 +0.019 +0.027 +0.030 +0.050
u (A) 0.25732 0.25721 0.25649 025617  0.25548 0.25877
Site
occupancy
Co* 8a 0.5764 0.6625 0.1137 0.1223 0.1154 0.2582
Fes* 8a 0.4237 0.3375 0.8863 0.877 0.8846 0.7418
Co?* 16d 0.8770 0.7721 0.3291 0.3795 0.3599 0.4200
Fes* 16d 0.1230 0.2279 0.6709 0.6205 0.6401 0.5800
Usso 82 0.01033 0.00694 0.01203 001184  0.01289 0.01081
Usso 16d 0.01045 0.00783 0.01291 0.00961  0.01294 0.01198
Usso 326 0.01050 0.00904 0.01288 001041  0.01359 0.01070
aegrﬂ_t% 5.383 5.372 5.273 5.336 5.329 5.367
da (A) 3.6300 3.6306 3.6304 3.6177 3.6186 3.6143
ds (A) 2.9639 2.9644 2.9642 2.9539 2.9545 2.9511
dax(A) 1.9212 1.9201 1.9094 1.8981 1.8886 1.9340
dex(R) 2.0363 2.0375 2.0431 2.0385 2.0444 2.0162
Ry (%) 9.1 10.37 6.35 8.72 9.51 13.24
Rup (%) 12.02 13.37 8.19 11.26 12.24 17.07
2 0.9586 0.9520 0.9687 0.891 0.983 1.004

* Non-single-phase materials; refined using Spinel (Fd3m) and Wistite (Fm3m) structures. da

is the hopping length for tetrahedral site (d, = 0.25a+/3) and ds (dB = O.25a\/5_’) is the hopping

distances for octahedral site, and dax and dgx are the tetrahedral and octahedral bond lengths,

respectively.

6.2.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) spectra were obtained for the six CFO samples

mentioned previously in XRD and Raman (see later) in sections 6.2.1 and 6.2.3,

respectively. The wide-scan surveys were obtained for all samples up to 1000 eV to
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reveal the presence of any impurities (Figure 6-12 (a)) °. Apart from carbon, there were
negligible amounts of Na and Mg impurities present on the surface of some of the

samples.

The ratios of Co/Fe were calculated from the Co2p and Fe2p peak areas after subtracting
Shirley-type background from the wide-scan spectra. The peak areas were corrected
using corresponding Scofield factors (19.16 for Co and 16.42 for Fe). Across the 1200-
1400 °C sintering temperature range the Co:Fe ratios were 0.50, 0.50, 0.49 for air
samples, and 0.50, 0.49, 0.50 for No.

The high resolution spectra measured for Co2p, Fe2p and O1s are presented in Figure
6-12 (b-d). Co and Fe spectra contained four main components: two peaks associated
with the 2p1/2 and 2p3/2 spin-orbit splits and two corresponding satellite shake-up peaks
for both metals. The satellite peaks are the result of photoionisation of a 3d electron into
an unoccupied 3d or 4s level above the Fermi level (Freund et al., 1983)

XPS data was used to provide stoichiometric information about the cation distribution in
the CFO samples sintered at different temperatures. Because the XPS peaks of the cobalt
and iron overlap significantly, deconvolution of the spectra must be performed to separate
the 2p12 and 2pz2 peaks and their corresponding satellites, as shown in the Figure 6-12
(b and c).

The Shirley-type background was fitted to all spectra and the Fe 2p, Co 2p and O 1s
spectral line shapes were fitted to the combined Gaussian—Lorentzian (70/30%) functions.
All parameters were taken into account when performing the XPS analysis — background,
spin-orbit components (2pw2 and 2psp) and shake-up satellites, as suggested by
Aghavnian et al. (2015).

5 The XPS spectra for the 1200 °C air sample is shown in Figure 6-12 to show the absence of other elements
in the wide scan and the success of fitting. The spectra of other samples were fitted using same parameters.
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Figure 6-12. XPS spectra of CoFe204 sintered at 1200 °C for 2 hours in air in different regions: (a)
survey, (b) Co 2p, (c) Fe 2p and (d) O 1s.

XPS results confirmed that the samples were mixed spinels with Co?* and Fe** occupying
both the tetrahedral A-sites and the octahedral B-sites. The main Co2pas» peak was fitted
with two peaks corresponding to Co2ps2 Oh (776.52 eV) and Co2ps2 Td (778.43 eV).
Similarly, the Fe2ps;2 was decomposed to Fe2ps» Oh (707.01 eV) and Fe2pz. Td (709.06
eV). The Co/Fe ratio was recalculated from the deconvolved spectra and gave slightly
higher ratios than from the ones obtained from the wide scan:

e 0.56, 0.49 and 0.58 for 1200, 1300 & 1400 °C air samples, respectively

e (.68, 0.55 and 0.56 for 1200, 1300 & 1400 °C N2 samples, respectively

The occupation percentage of the Co?* in Oh sites was used to determine the inversion
parameter of the spinel (y), the same as in Section 6.2.1.2. The Co2ps;2 spin-orbital
regions were chosen over the Co2pu» because of the higher signal intensity resulting in

better fitted Gaussian/Lorentzian functions. The same analysis methodology was used
by Aghavnian et al. (2015).

The y percentage values were found to be 41.9, 66.7, 66.7%, and 49.4, 38.1 and 21.0%
for air and N2 samples, respectively (1200, 1300 & 1400°C). These values are different
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to the ones obtained from the XRD refinement (apart from the 1300 °C N, sample that is

within 6% error region).

The peak areas of Co2ps2 and Fe2ps/> from the Co and Fe spectra were used to calculate
the Co and Fe atomic percentage in Oh and Td sites. The binding energy positions of
fitted peaks and the corresponding atomic percentages are summarised in Table 6-4.

Table 6-4. XPS binding energy positions and atomic percentages of Co and Fe for CFO samples.

Air N2
Sintering Atomic Atomic
temperature Spectrum  Assignment I(3el\5/) percentage (B;\E/) percentage
(W) (%) (%)
Co 2pzp2 On Co?* 776.52 42% 776.68 49%
1200 Tq Co? 778.43 58% 778.94 51%
Fe 2pap On Fe?* 707.01 41% 707.00 44%
Tq Fe¥* 709.06 59% 709.21 56%
Co 2psp On Co?* 776.88 67% 779.26  38%
Tq Co?* 779.11  33% 780.92 62%
1300 Fe 2psp On Fe?* 706.98 35% 709.83  46%
Tq Fe¥* 709.02 65% 71196 54%
Co 2psp On Co?* 77715 67% 779.38  21%
1400 Tq Co? 779.53 33% 780.74  79%
Fe 2pz On Fe3* 707.31  39% 709.86 31%
Tq Fe¥* 709.26 61% 711.44  69%

The oxygen 1s core photoelectron region contained three peaks, corresponding to the

lattice, surface and adsorbed oxygen (Zhou et al., 2008).

6.2.3 Raman spectroscopy

Raman spectroscopy (RS) is a useful, non-destructive technique that can provide
information about the structure of spinel compounds. It is a highly sensitive tool for
analysis of lattice effects, such as phase transition, distortion, magnetic ordering and local
cation distribution (Chandramohan et al., 2011). The effect of cation distribution on
Raman spectra of spinels is well documented in literature (Ivanov, 2010). However,
Raman spectra can be complicated by the cation exchange between tetrahedral and
octahedral sites that has been linked to the sample treatment conditions (Laguna-Bercero
et al., 2007).
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The cubic inverse/mixed spinel structure of cobalt ferrite with space group Fd3m and 0},
symmetry presents 42 degrees of freedom, consisting of 39 optical modes and three
acoustic modes. The phonon modes of a spinel structure are: Aig, Eg, 3T2g, 4T 1, Tig,
2A0y, 2E, and 2Ty (White and DeAngelis, 1967), of which only five are Raman active,
namely Aig, Eq and 3T2g. The cation redistribution in the Tq and O sites lowers the
symmetry of the crystal structure and exhibits additional phonon modes. Figure 6-13
shows the Raman spectra of the pellet samples sintered in air and under nitrogen.
Deconvolution of the Raman spectra of the samples treated in air showed six peak
maxima at 186.3, 300.6, 459.8, 533, 606.0 and 681.9 cm™, respectively (Table 6-5).
These peaks were assigned to the corresponding phonon modes: T1g(1), Eg, T1¢(2), T14(2),
Agg(1) and Azg(2) in accordance with the literature (Chandramohan et al., 2011). The
deconvolved Raman spectra of the 1200°C N2 sample appeared similar to the previously
described ones. The two remaining samples sintered in N2 (1300 and 1400°C) had three
additional peaks at 218.2, 311.4 and 402.3 cm™ (see Figure 6-13).These peaks are
consistent with the Raman peaks characteristic to a-Fe2O3 (hematite), suggesting an iron-
rich shell formation (Chandramohan et al., 2011). The presence of hematite features only
in the passivated cobalt ferrite Raman spectra suggests that the passivation process allows
the formation of an iron rich shell around the nanoparticles (Chandramohan et al., 2011,
Melo et al., 2006).
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Figure 6-13. Raman spectra of CoFe2Os sintered at different temperatures and atmospheres.
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Table 6-5. Raman phonon modes of CoFe2Os sintered at different temperatures and atmospheres.

Raman shift (cm™)

CoFe04 a-Fe;03 Goodness of fit
Sintering
Atmosphere temperature Tig(1) Eq Tig(2) Tig(2) A1) Aig(2) Agg Eq(1) Eq(2) e R?
Q)
1200 186.3 300.6 459.8 533 606 681.9 - - - 1.15 0.998
Air 1300 188.6 303.1 461.2 533.7 609.8 684.3 - - - 1.01 0.998
1400 186.4 300.8 458.00 546.55 614.4 682.6 - - - 1.27 0.998
1200 182.0 304.7 461.1 534.5 607.8 684.4 - - - 1.08 0.998
N2 1300 176.0 288.58 462.5 556.6 608.6 681.8 218.2 311.4 402.3 1.95 0.997
1400 - 282.00 463.1 554.3 607.5 678.00 216.6 3114 393.00 2.80 0.994
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6.2.4 Scanning electron microscopy (SEM)

Figure 6-14 to Figure 6-17 show the surfaces of the CFO samples annealed at 1200, 1300
and 1400 °C in air and 1300°C in N2. The grain size of the samples sintered in air
increases with an increase in temperature. This is clearly visible in Figure 6-14(b), Figure
6-15(b) and Figure 6-17(b), with a grain size of less than 4 um diameter for the 1200 °C
sample, reaching approximately 20 pm for 1400 °C. The concentration of the oxygen ion
vacancies is often responsible for the grain growth kinetics and the magnetic properties
of the spinel materials (Honig, 2012). Both the grain size and pore distribution are highly

important for achieving the desired material properties.

Ceramic oxides, particularly transition metal oxides such as CFO, the sintering
temperature and oxygen partial pressure (pO2) can have an effect on the type and
concentration of lattice defects and, therefore, the overall stoichiometry of the material
(Somiya et al., 2003). A study by Rahaman (2017) showed that the pO; has a significant
effect on the grain growth: smaller grain sizes were obtained at high pO2, whereas low
pO2 results in a larger grains. The exact mechanism of the grain growth is not fully
understood; however, it was suggested that pore mobility is controlled by oxygen lattice
diffusion. Here, the interaction between the pores and grain boundaries controls the
kinetics of the grain growth (Brook, 1969, Liu et al., 2010).

The grain size of CFO sintered in nitrogen at 1300 °C is between the two air samples and
hence consistent with the previous statements. At low pO- the lattice oxygen ions are
easily released from the oxides, forming oxygen vacancies and enhancing sintering of the
material (Somiya et al., 2003). Moreover, oxygen vacancy formation affects the solid-
state transport of oxygen ions and electrons within the metal oxide, resulting in higher
ionic and electronic conductivities (Ajroudi et al., 2014).

Figure 6-17 and Figure 6-18 show the same sample (1300 °C N2) before and after a
thermal etching procedure described in Section 3.2.8.1. Thermally etched samples
showed the presence of small growths across the whole sample, suggesting the formation
of a secondary phase, most likely a rock-salt of FeO or CoO. The formation of FexCoi-xO

is not excluded.
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Figure 6-14. SEM images of CFO sintered at 1200°C for 2h in air at x5,000 (a) and x20,000 (b)

magnification.

Figure 6-15. SEM images of CFO sintered at 1300°C for 2h in air at x5,000 (a) and x20,000 (b)

magnification.

Figure 6-16. SEM images of CFO sintered at 1400°C for 2h in air at x5,000 (a) and x20,000 (b)

magnification.
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Figure 6-17. SEM images of CFO sintered at 1300°C for 2h under flow of N2 at x5,000 (a) and
x20,000 (b) magnification.

Figure 6-18. SEM images of CFO sintered at 1300°C for 2h under flow of N2 at x5,000 (a) and

x20,000 (b) magnification with additional features appearing after thermal etching.

6.3 Electrical properties

6.3.1 Conductivity

Electrical conductivity is the ability of a material to carry a flow of an electric current and
is the reciprocal of the electrical resistivity and is an important parameter for the
development of the SOC components.

4 probe dc conductivity and Seebeck coefficient measurements were carried out
simultaneously on the series of CFO samples sintered in different atmospheres — in air
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and under a flow of N, at 12008, 1300 and 1400 °C. The obtained results are shown in
Figure 6-19.

a) —=— 1300 °C Air b)
- 4o o
184 1400 °C A - -t N
1 : 1200 °C Nlr o -200 4 R S SR
16 ? w
= 1300°CN, -
14-|-=— 1400 "C N, - A
] = v v
T " < 400 R e S S
E o s v "~
9 10 " = s
w ] = = ‘/!
© - ’ n Ay -
o : ’ ; A A4 AT e 1300°CAr
64 ) 044 o r": 600 & ./._7_} - o 1400 °C Air
1 - ~ Va 4 1200°CN,
44 =m } " - /
‘ R a v 1300°CN,
2 L o 200 00 00 200 Lo 00
1 ¢ 1400 °C N,
] R
0 PENPEEF S S £ S 'I e -——T -800 . ; . . . - -
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)

Figure 6-19. Plots of electrical conductivity (a) and Seebeck coefficient (b) against temperature for

CFO samples measured in Ar.

All samples showed a trend of increasing dc conductivity with an increase in sintering
temperature. As expected, the samples sintered in low pO2 showed significantly higher
conductivity compared to the samples sintered in air at the same temperatures: from 0.509
to 0.535 S cm™ and from 0.499 to 18.37 S cm® for air and N, respectively. 1400 °C N
sample was c.a. 34 times more conductive than the same temperature sample sintered in
air. This increase in conductivity may be attributed to the oxygen-loss from the spinel
phase and/or to the presence of the secondary rock-salt phase formation previously

identified during XRD measurements.

Figure 6-20 shows electrical conductivities plotted as an Arrhenius plot: the natural
logarithm of oversus 1000/T. The activation energy, E,, is determined using the relation

below:

_Ea (6.4)
0 = agpe kT

® The 1200 °C air sample showed very low conductivity, close to the detection limit of the equipment,
therefore, the result was not repeatable hence was excluded from the overall trend.
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where Ea is the activation energy, o is the conductivity at temperature T, oo a temperature
independent constant, and k the Boltzmann constant (1.38 x 102 m? kg s2 K1). The
obtained value is then divided by 1.602 x 107*° J to convert Joules (J) to electron-volts
(eV).
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Figure 6-20. The temperature dependence of the DC electrical conductivities for CFO samples

under different sintering atmospheres.

There was a minimal change (within errors) in the activation energy between the two air
samples with increasing temperature. The Ea appeared almost the same for 1300 °C air
and 1200 °C N2 samples, equal to 0.27+£0.01 for both. The changes in Ea of N2 sintered
samples, however, were more significant: 0.27,0.17 and 0.06 eV for 1200, 1300 and 1400
°C samples, respectively.

The data in Figure 6-20 were fitted with linear trend lines, showing a good fit for the
higher conductivity samples, however, it is more evident that the lower temperature
samples have a change in slope around a Curie temperature of 793 K (Ajroudi et al.,
2014). This change in slope is not accompanied by the inverse of Seebeck coefficient,
therefore, is most likely undergoing a magnetic transition from ferromagnetic to

paramagnetic (Shinde, 2013).

Due to the lower pO2 in N2 atmosphere, the samples sintered in N2 are believed to have

lost some lattice oxygen to create oxygen vacancies, resulting in a nonstoichiometric and
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highly conducting CFO material. To maintain the charge neutrality of the sample, some
of the Fe3* ions have to reduce to Fe?* (Fe** + e— < Fe?*) to maintain the overall charge
neutrality. The Fe?* ions occupy predominantly the On B-sites, leading to the increase in
hopping of the electrons and the electrical conductivity of the CFO (Kumar et al., 2017).

It is apparent that the higher Ea values were associated with lower electronic conductivity
of CFO. The density and porosity of the samples play an important role in conductivity
of the spinels. A lower number of pores improves the diffusion resistance of the charge
carriers transfer in the solid phase of CFO, therefore, higher densities give larger electrical
conductivities (Mangalaraja et al., 2002). The overall trends in dc conductivity of samples
sintered in air and N2 atmospheres are in agreement with the results obtained by Liu et al.
(2010) for NiFe204 spinels.

6.3.1.1 Seebeck coefficient

The temperature dependent Seebeck coefficient was measured to identify the electronic
conduction mechanism in CFO. The results are presented in Figure 6-19 (b). Negative
Seebeck coefficients were obtained for all CFO samples measured in this work apart from
1200 °C air sample, where a sign inversion in Seebeck voltage occured. This sample was
the least conductive out of the six samples tested. Poor conductivity can be explained by
the low density of the sample (Figure 6-7) and higher porosity, as seen in the SEM images
(Figure 6-14).

The negative Seebeck coefficient suggests that the dominating conduction mechanism is
through the hopping of electron from Fe?* to Fe**, giving rise to n-type semiconducting

behaviour of CFO samples (Kumar et al., 2017).

6.4 CFO-SDC ceramic membranes for SOC application

In the previous section it was identified that CFO samples sintered in N2 had the highest
electronic conductivity. The 1200 °C N2 sample had the lowest conductivity of the three
sintering temperatures and 1400 °C N> contained a measurable amount of secondary rock-
salt phase, therefore, the middle range temperature was chosen to be used for producing
a symmetric CFO-SDC|SDC SOCs.
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6.4.1 Phase analysis

CFO powder and SDC nanopowder in ration 50/50 wt% were ball milled together for 6
hours in PIA to ensure homogeneous distribution of the two materials. After drying, the
samples were calcined at different temperatures and analysed using XRD to examine for
any secondary phase formation. The obtained XRD spectra obtained are presented in
Figure 6-21.

The uncalcined CFO-SDC powder contained some very broad diffraction patterns that
could be attributed to the nanosized material, in this case, SDC (Petkov and Shastri,
2010). No new phases were observed in the spectra. As the calcination temperature
increased, crystallite growth was thermally promoted, resulting in narrower XRD peaks,

particularly for SDC.

Figure 6-22 shows a higher resolution spectrum of the 1200 °C air sample that has both
CFO and SDC phases indexed with Miller indices. Although no other phases were
detected, the formation of a small amount of mixed CFO-SDC phase, similar to the one
described by Harris et al. (2014) for CFO-GDC MIEC, could have gone unnoticed. Harris
et al. (2014) used scanning transmission electron microscopy (STEM) coupled with
electron energy loss spectroscopy (EELS) to simultaneously map the atomic/electronic

structure of the elements at the grain boundaries to detect presence of the new phases of

CFO-GDC.
. I N H 1200 °C

5

S

=

= 1000 °C

c

ko

=

E } h ] I 800 °C

©

£

z 600 °C

Unsintered
| CFO-SDC
L I S R R T_AL:-—&T“*-'JLJT L

10 15 20 25 30 35 40 45 50

20 (degree), Mo Ka

Figure 6-21. XRD spectra of 50/50 wt. % CFO-SDC powder calcined at different temperatures.
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Figure 6-22. XRD spectra of 50/50 wt. % CFO/SDC precursor calcined at 1200 °C.

6.4.2 Thermal analysis
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Figure 6-23. TGA curves for CFO powder and SDC nanopowder in No2.

The TGA curves of CFO and SDC heated in N2 are shown in Figure 6-23. The CFO
powder loses approximately 1% of the sample weight unlike SDC, which reduced in
weight by almost 10 %. The difference in the weight loss rate did not seem to affect the

sintering of the sample, resulting in strong, dense MIEC pellets.
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6.4.3 Electrical properties

The trends in electrical conductivity remain the same, compared with CFO samples, when
SDC nanoparticles are added to the CFO and sintered in N. The data were obtained by
four probe dc conductivity measurement using Netzsch SBA 458 analyser. A significant
discrepancy between the samples was observed for a sintering temperature of 1300 °C,
as shown in Figure 6-24 (1300A & 1300B). The main cause could be the dispersion of
the two phases, leading to larger or smaller interconnection between the electron-
conducting CFO phases. All in all, the Ea reduced from 0.62 to 0.22 eV from 1200 to
1400 °C, respectively.
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Figure 6-24. The Arrhenius plot of 50/50 wt. % CFO-SDC samples sintered in N2.

6.4.4 SEM analysis

SEM/EDX analysis in Figure 6-25 showed a uniform distribution of the two phases. The
elemental maps of cerium and samarium (Figure 6-25 (e-d)) showed that some isolated
“islands” of SDC were present. This can potentially be addressed through improved
mixing and the addition of a dispersant. Alternatively, the materials could be measured
by volume percent (50 vol% CFO / 50 vol% SDC).

The SEM micrograph with overlaid EDX maps is a good demonstration of how the two
phases are interlinked and supports the reasoning for the variation in electronic
conductivity of the CFO-SDC MIEC in Section 6.4.3.
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Figure 6-25. (a) SEM micrograph of 50/50 wt. % CFO/SDC sample sintered at 1300 °C in N2 for 2
h and overlapped with elemental maps of Fe(b), Co(c), O(d), Ce€ and Sm(F).

6.4.5 Activity for CO,/CO reduction

6.4.5.1 Current-voltage measurements

The potential sweeps, also known as i-V curves, were measured in the temperature range
of 500-850 °C for a symmetrical cell with CFO-SDC electrodes sintered onto an SDC
electrolyte at 1300 °C in N2. The cell preparation method and measurement parameters

are described in detail in Section 3.3.2.

The i-V and EIS measurements collected between 50/50 and 70/30 CO2/CO gas
compositions, are shown in Figure 6-26 (a, b). The cell performed similarly in fuel cell
and electrolysis modes. The graphs of the area specific resistance (ASR) in Figure 6-27

show lower values in fuel cell operation mode across the different atmospheres.
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Figure 6-26. Potential sweep on the CFO-SDC|SDC|CFO-SDC symmetric cell at 850 °C in 50%
CO2/CO. The sweep was repeated 3 times and showed good reproducibility.

257 50/50 CO,/CO b) *°] 70/30 CO,/CO
a) )
Il Fuel cell mode I Fuel cell mode
204 I Electrolysis mode 204 I Electrolysis mode
T s 15
o [&]
<} =3
% 1.0+ % 1.0
< <
05 05
0.0 0.0

600 650

700

750 800 850

600

650 700 750 800 850

Temperature (°C) Temperature (°C)

Figure 6-27 Comparison of the electrochemical performance the CFO-SDC|SDC|CFO-SDC
symmetric SOC in terms of the ASR in fuel cell and electrolysis modes, and 50/50 (a) and 70/30 (b)
CO./CO atmospheres.

ASRs of 0.20 and 0.29 Q cm? were found for the reduction of CO2 in CO,/CO mixtures
with a ratio of 50/50 and 70/30, respectively, at 850 °C. Similar ASR values were
obtained for the CO oxidation activity (0.20 and 0.26 Q cm?).

Larger resistances were observed for the 70/30 CO./CO atmosphere compared to 50/50
across all measurements. A comparison of the ASR for different atmospheres is shown
in Figure 6-28. One of the reasons for such behaviour may be partial oxidation of the
oxygen deficient CFO by CO, leading to higher electrode resistances.
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Figure 6-28. Comparison of the electrochemical performance the CFO-SDC|SDC|CFO-SDC
symmetric SOC in terms of the ASR in 50/50 and 70/30 CO2/CO atmospheres, and fuel cell (a) and
electrolysis (b) testing modes.

The material has the potential to operate at lower temperatures; however, this would
require reducing the thickness of the electrolyte to reduce the ASR. Thinner electrolytes
can be made by tape casting and laminated into a thick film or onto the porous electrode

support.

6.4.5.2 EIS measurements

Impedance data were collected prior to the current-voltage sweeps, across 500-850 °C
temperature range, and are shown in Figure 6-29 (50/50 CO2/CO) and Figure 6-30 (70/30
CO./CO). The EIS spectra were fitted with equivalent circuits to extract the resistance
and capacitance values associated with the SOC electrode and electrolyte components.
The equivalent circuits are also shown in Figure 1-29.

The EIS spectra at 800 and 850 °C showed only one arc and were fitted with a resistor in
series with a parallel R-CPE element (R0-(R2-CPE2)), where RO was used to model the
electrolyte and R1-CPE1 and R2-CPE2 to model possible electrode contributions to EIS
data. At 700 °C and below, another arc was measured in the high frequency region and
fitted using an additional R-CPE element.

At 600 °C, the capacitance values of the high frequency arc were obtained using the peak
of the arc, where RC=1, and were equal to 9.84E-05 and 9.46E-05 F cm for 50/50 and
70/30 CO2/CO ratios, respectvely. Such high capacitance values imply that the arc is
associated with electrode processes (Irvine et al., 2004). The resistance and capacitance

values obtained from EIS fitting are summarised in Table 6-6 and Table 6-7. As the
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temperature increases the resistances RO, R1 and R2 decrease and capacitances C1 and

C2 increase, where 1 refers to high frequency region and 2 to low frequency arc.
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Figure 6-29. Impedance spectra of the CFO-SDC/CFO symmetrical cell tested in 50/50 CO,/CO
atmosphere in the temperature range 500-850 °C.
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Figure 6-30. Impedance spectra of the CFO-SDC/CFO symmetrical cell tested in 50/50 CO./CO

atmosphere in the temperature range 500-850 °C.
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Table 6-6. Summary of the resistances obtained by fitting CFO-SDC|SDC|CFO-SDC EIS data with

equivalent circuit models.

Temperature R1 (Q cm?) R2 (2 cm?)

(°C) 50/50 3515  50/50  35/15
500 1802 1834 25572  54.894
600 0.098 0102 3499  4.256
700 - 0016 0268 0521
800 - - 0.045  0.082
850 - - 0.023  0.041

Table 6-7. Summary of the capacitances obtained by fitting CFO-SDC|SDC|CFO-SDC EIS data

with equivalent circuit models.

Temperature C1 (Fcm?) C2 (Fcm?)

) 50/50 35/15 50/50 35/15
500 5.35E-06  5.26E-06 - -

600 9.84E-05  9.46E-05 - -

700 - 5.61E-04  49.383 13.638
800 - - 56.916 19.432
850 - - 75.378 30.065

The estimated resistances (R2) of the low frequency arc were plotted on an Arrhenius plot
to measure the activation energy. Ea values for gas compositions of 50/50 and 70/30
CO./CO were equal to 3.56 and 3.57 eV, respectively. Little variation in the low
frequency arc’s capacitance suggests that it may be associated with the gold current
collector applied on top of the CFO-SDC electrode.
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Figure 6-31. The Arrhenius plot of CFO-SDC|SDC symmetric cell in analysed in CO2/CO

atmospheres.

6.5 Summary

In this chapter, CoFe>O4 spinel materials were prepared by solid-state reaction in air and
nitrogen atmospheres. Their fundamental properties of phase, microstructure and
electronic conductivity were studied, and it was then tested as a MIEC electrode for solid
oxide cell application. The results show that as the sintering temperature increases, the
electronic conductivity of the samples increases. The materials exhibited n-type
conductivity in both atmospheres, suggesting that conduction occurs through the hopping

of electrons from Fe?* to Fe®*,

SEM micrographs showed the CFO pellets sintered in nitrogen to have larger grain sizes

as well as increased density, compared to those sintered in air.

XRD results showed secondary phase formation in the samples at 1300 °C and above in
N2. Using Rietveld refinement, the formed phase was identified as a rock salt of either
Fe, Co or a combination of both; this was confirmed using Raman spectroscopy. Both
XRD and XPS results suggest that Co?" and Fe** occupy both On and Tq sites of CFO

spinel and result in a random spinel structure.
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The MIEC SOC electrodes were prepared by mixing CFO powder with an equal weight
percentage of SDC nanoparticles. Although TGA results showed much a larger weight
loss for SDC, both materials sintered together well. The powders were used to make a
CFO-SDC compound that was deposited and sintered onto SDC electrolyte at 1300 °C in
N>.

The samples sintered in N2 showed high electronic conductivity and good electrochemical
performance during CO> electrolysis and CO oxidation in a symmetrical cell, tested in
the temperature range of 500 — 850 °C. W.ith some structural tailoring and better
dispersion with the ionic conductor, CFO is therefore a promising ceramic for SOC

electrodes, offering mixed ionic-electronic conductivity via oxygen vacancies.

116



/ Conclusions and Future
Work

7.1 Conclusions

As part of this thesis, an experimental rig capable of operando electrochemical
measurements and Raman spectroscopy characterisation of the SOCs and can be used for
characterisation of other ceramic materials. Ability to obtain structural and molecular
information during the operation of the SOCs was the motivation for this work. The
design constraints and material requirements, such as low temperature sealing, presented
some challenges. The reactor was fully commissioned and tested for leak tightness and

repeatability of the electrochemical data acquisition.

The data validity was tested against Kramers-Kronig relations and was found to be within
0.5% error region, meaning the data could be used for further analysis, such as DRT. Due
to the length of the reactor being ca.50 cm the electrical leads had to be long, resulting in
high inductance values in the high frequency region of the EIS spectrum. The inductance
of the reactor was measured and compared to the values calculated by the DRTTools
software. The data correction showed that the experimentally obtained values
overcompensated the inductance, unlike the mathematically calculated values. The
parasitic inductance affects the imaginary component of the EIS spectra, sometimes
hiding an entire electrochemical processes occurring in the SOC form being measured.

The reactor was the first prototype built in the research group and the development of it

was a continuous process throughout the years.
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The reactor was then used to characterise in-house produced Ni-YSZ|YScSZ|LSM-
YSZ|LSM button cells in CO2/CO atmospheres at 700 °C using operando Raman
spectroscopy. Negative bias was applied to the cell (CO2 electrolysis mode) to study
carbon deposition on the Ni-YSZ electrodes. Raman spectroscopy showed formation of
carbon deposits on the surfaces of the fuel electrode likely as a result of decrease in the
temperature of the electrode, shifting the Boudouard reaction equilibrium
(2CO — C + COpy) to the region of carbon formation.

Post-mortem SEM analysis revealed different geometries of the carbon growths on the
Ni-YSZ electrode, with some growing lengthwise. This could explain the initial increase
of the carbon peaks’ intensities that were stabilised in the first hour of operation. The
majority of the carbon, however, was formed close to electrode/electrolyte interface,
consistent with findings by Duboviks et al. (2015). The formed carbon nanofibers
encapsulated the Ni particles. As expected, longer operation of the cell resulted in more
carbon formation. The polarisation resistance of the EIS data, however, reduced after
operation. The most likely cause for that for is the activation of the LSM oxygen
electrode, however, some of the formed carbon fibres, if conductive, could potentially
improve the interconnectivity of the Ni grains, thereby enhancing the electronic

conductivity.

Further studies concentrated on development of an oxygen-deficient spinel (CFO)
material to be used in a mixed ionic-electronic conductors for SOC electrode. The
samples were sintered in two different environments — air and N2. The dc conductivity
measurements showed higher electronic conductivity for the samples sintered under
reducing atmospheres. Overall, N>-sintered samples showed higher sample weight loss
during TGA analysis and did not pick up oxygen on cooling unlike samples sintered in
air. The activation energies for 1300 °C samples were 0.25 and 0.17 eV for air and Np,
respectively. SEM images, showed less pores and higher grain size for the samples

sintered in N2, which was expected.

The CFO powder was then mixed with equal weight percent ration of SDC nanopowder
and sintered to form MIEC pellets. The polished surface of the pellet was analysed with
SEM-EDX and showed good distribution of the two materials. 1300 °C N2 sintering
conditions were chosen to make a symmetric SOCs to be tested in CO2/CO atmospheres
at 500 — 850 °C temperatures. The cell performed similarly in both electrolysis and fuel

cell mode that would be beneficial for the reversible cell operation.
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7.2 Future work

The research presented in this thesis laid the foundation for the future experimental work

for development and improvement of SOCs electrodes. The following directions for

future work are suggested:

The results obtained and discussed in Chapter 5 showed limitations of the Raman
spectroscopy technique to only detect the changes occurring on the surface of
SOCs. To develop a further understanding the reaction mechanisms, particularly
with novel materials and different fuels, patterned electrodes should be used for
future investigations.

Use high resolution infrared thermal imaging to monitor the temperature of the
cell during the operation.

Operando Raman experiments are limited to hours rather than days, so longer
duration experiments could provide more information about cell deterioration and
poisoning mechanisms.

Reducing the length of the experimental apparatus to minimise the parasitic
induction effects. For longer experimental durations, a water or coolant
circulating microscope objective accessory should be designed and fitted.
Neutron diffraction experiments are needed to understand the cation distribution
and oxygen non-stoichiometry in CFO materials. Microstructural transformation
(e.g. reducing CFO particle size) could yield higher conductivities and hence
better conversion rates.

Conduct trials using volume percentage for measuring CFO and SDC instead of

weight percentage.

Studies have shown new, targeted phase formations to enhance grain bound in dual phase
MIEC materials (such as Gdo.372Ce0.079C00.077F€0.470x in CFO and CepsGdo202-5 (CGO)

network (Lin et al., 2015, Harris et al., 2014). Transmission electron microscopy coupled

with X-ray nanotomography imaging and computational modelling could be used for

determining the 3D microstructures of the bulk phases and identifying emergent phase

formation (Harris et al., 2014).
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