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Abstract

Abstract

Liquid metal electrode solid oxide fuel cells (LME SOFC) offer the advantage of high
efficiency with the benefits of multi-fuel operation, the concept being particularly well-
suited to the direct use of solid fuel. With respect to reported uncertainties in performance
limitations of SOFCs with liquid metal anodes (LMA), in-depth understanding of the fuel

oxidation mechanisms and transport processes within liquid metal electrodes is needed.

This study provides improved understanding of the operation of LME SOFCs using novel
experimental and modelling approaches. H, oxidation in LMA SOFC in a specific potential
range was chosen as the model system. A classification setting out four possible
mechanisms of oxidation of H, is proposed. Two models are developed based upon
Electrochemical (E) and Chemical-Electrochemical (CE) modes of operation of H,-LMA
SOFC under conditions that eliminate the detrimental effects of metal oxide layer

formation at the electrolyte-electrode interface.

The E mode model of operation was found to be inconsistent with literature knowledge of
H, solubility in liquid tin. A possible explanation considered is the generation of metallic
foam effectively ‘storing’ hydrogen within its matrix, but this was not observed
experimentally. Thus mode E (direct anodic oxidation of hydrogen in LMA SOFC) is not

applicable to this system.

A major contribution of this work is the development and validation of a model for the
CE mode. This is based upon fast dissolution of hydrogen in a molten tin anode, rate-
determining homogeneous reaction of hydrogen with oxygen dissolved in the liquid tin,
followed by anodic oxygen injection under diffusion control to replace the oxygen
removed by chemical reaction. A new key parameter, related to the Damkohler number,
termed the dynamic oxygen utilisation coefficient, (Z'), evolved out of the model; its value
is determined by geometric, mass-transport and kinetic factors in the cell, as well as the
partial pressure of the supplied hydrogen fuel. Current output of the cell is proportional to
the value of Z. This parameter is expected to have important implications regarding the

design, development and commercialisation of the technology.

Additional validation of the CE mode model included development and application of a
method named anodic injection coulometry (with similarities to anodic stripping
voltammetry) for determination of the parameter Z, as well as measurement of the oxygen
solubility in liquid tin. Feeding H, at 16 kPa partial pressure into the LME SOFC resulted

in a Z value of 0.83 under the chosen conditions. This is consistent with a separate



Abstract

estimate in this study using an unrelated method. The solubility of oxygen at 780 °C was

found to be 0.10 at.%, which is comparable to literature values.

The possibility of application of the liquid metal electrode/ YSZ system for water
electrolysis in solid oxide electrolysers (SOE) is explored. An electrochemical model is

presented for interpretation of generated experimental results.
Application of a glassy carbon rod as a low-cost current collector dipping into the liquid tin
electrode was successfully pioneered in this work; it showed stable operation without

corrosion throughout the whole project at the chosen operating temperature of 780 °C.

A novel rotating electrolyte disc (RED) apparatus is proposed, which is an inverted
arrangement of the well-known rotating disc electrode (RDE). The RED offers the
prospect of measuring transport properties of active species within a liquid metal electrode.

Initial studies towards the development of this technique have been undertaken.
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Introduction

1. Introduction

This chapter presents an overview of the thesis. The motivation behind this study
concerning investigation of the operation of liquid metal electrode solid oxide fuel cells
(LME SOFC) is summarised together with research aims and objectives. Lastly the outline

of the thesis is presented.

The wortld’s growing energy demands have led to increasing environmental and resource
availability concerns. In this regard, stabilisation of increasing anthropogenic carbon
dioxide (CO,) emissions is one of the most urgent issues associated with global climate
change today. This problem may lead to the growth of average global temperatures by
about 1.4 °C to 5.8 °C above 1990 levels by 2100 and have consequent severe impact on
the environment'. Regarding this matter, as part of the UK government’s global strategy in
response to the climate change, a target of 80% reduction in greenhouse-gas emissions by

2050 has been set”.

According to the International Energy Agency (IEA), fossil fuels will continue to dominate
the power generation sector despite the decline in their share from 68% in 2012 to 55% in
2040°. While low- or zero-carbon alternatives have been investigated in order to substitute
the use of fossil fuels, in the short term there is no viable alternative to replace them
completely. Among the common types of fossil fuels, carbon remains the most available
and abundant fuel source around the world (60% of all global sources). As a result, highly
efficient fuel technologies are required to minimize severe environmental impact of electric

energy production from coal.

In this regard, Solid Oxide Fuel Cells (SOFCs) is an emerging technology for clean and
efficient power generation from various carbonaceous fuels with reduced levels of CO,
emissions. High temperature solid oxide fuel cells are electrochemical devices capable of
converting the chemical energy stored in gaseous fuels (including hydrogen, alkanes,
alcohols, alkenes, alkynes, ketones, etc.) into electrical powers. The operational efficiency of
such systems is higher than conventional heat engines since the process is electrochemical
and not constrained by the Carnot efficiency limitation. Typical efficiencies obtained from
SOFCs are in the range of 50-60% (LHV). The SOFC technology is highly scalable with
systems in hundreds of kilowatts demonstrated’. Notwithstanding the reduction in
greenhouse gas emissions brought about by high efficiency, fuel cells generate carbon

dioxide free from diluting nitrogen which can be sequestered at lower cost compared with
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the exhaust products from most electricity generation based upon combustion of fossil

fuels.

However, durability and performance degradation due to impurities contained in
hydrocarbon fuels continue to be a concern’. The performance of SOFCs is greatly limited
by carbon deposition” as well as sulphur poisoning’. Contaminants may react with anode
materials via various mechanisms to decrease electrochemical reaction rates by increasing
charge transfer resistance and result in mechanical failure of materials'. In order to mitigate
the influence of fuel impurities on cell degradation, the supplied fuel should undergo

pretreatment using a variety of adsorbents and filters'".

Recent studies™'>"” have presented a novel concept for direct electrochemical oxidation of
carbon (coal or biomass) to electricity in liquid metal electrode solid oxide fuel cells (LME
SOFC). Unlike conventional SOFCs, this class offers the advantage of high efficiency with
the benefits of greater tolerance to fuel contaminants, the feature being particularly well
suited to the direct use of solid fuel. The main principle lies in the liquid nature of the
metal electrode (anode), which acts as a buffer to fuel impurities that dissolve in it and no
longer affect the performance of the fuel cell, unlike in SOFC solid anodes (nickel-yttria-
stabilised zirconia (Ni-YSZ). Apart from exceptional tolerance to fuel impurities, the liquid
metal anode is able to serve as an additional energy source that feeds the cell. This

“battery” effect is particularly useful during interruption of the fuel supply.

Pioneering studies of liquid metal anode solid oxide fuel cells (LMA SOFCs) have been
performed by Tao e# al'* at Cell Tech Power. In their prototype, liquid tin was used as the
anode material > where a power density of 170 mW cm™ on hydrogen and military
logistic fuel, JP-8, has been demonstrated’. The projected efficiency of such a system
operating on coal is 61%". Subsequent investigation of alternatives to Sn (p-orbital
electron metals - In, Pb, Bi and Sb) has been made at the University of Pennsylvania'®*".

Further characterisation of alloys of some of those metals (Sn-Pb, Sn-Pb-Bi) was

performed by Labarbera ef al.”.

Being a comparatively novel system, LME SOFC technology is some way from being fully
commercialised due to technical challenges unique to this class of fuel cell. As such, there is
a lack of knowledge on the mechanism and the species involved in the fuel oxidation
process within the liquid metal media. The transport of active species within the liquid

metal electrode is not yet well-understood.

In order to address these research questions a model system and novel technique are
proposed in this study. First, to obtain a fuller understanding of the mechanisms of fuel

oxidation in LME SOFCs the model system — oxidation of hydrogen in liquid tin anode
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SOFC is suggested. To investigate transport phenomena that occur within the metal media
a novel apparatus — Rotating Electrolyte Disc (RED) based upon the well-known Rotating
Disc Electrode technique, where the electrode and electrolyte are inverted, is offered in this

study.

1.1. Research Aims

The overall objective of this thesis is to obtain an improved understanding of liquid metal
electrode SOFC in order to facilitate the development and commercialisation of the

technology.

The system chosen for study is the oxidation of hydrogen in LMA SOFC due to its

simplicity as a fuel compared to solid carbon or other gaseous fuels.
In line with the set objective, the aims are further described as follows:

- design and fabrication of the electrolyte-supported cell for the evaluation of LMA
SOFC performance using a tin anode;

- experimental testing and optimisation of an electrochemical cell and workstation
built for electrochemical characterisation of LMA SOFCs;

- understanding of oxidation of hydrogen in LMA SOFC;

- development of an electrochemical model for the analysis and interpretation of the
obtained results on hydrogen oxidation in LMA SOFC;

- examine the possibility for water electrolysis in reverse LMA SOFC;

- initial work towards the development of a novel technique allowing strict control of

the hydrodynamics conditions within a liquid metal electrode.

1.2. Thesis outline

The outline of the thesis is as follows:

Chapter 2 presents fundamentals of solid oxide fuel cells with the main focus on liquid
metal electrode solid oxide fuel cells. It critically reviews the current status of this
technology with various metallic anodes. Finally, a number of open research questions are

postulated; an attempt is made to address some of these questions in this thesis.

Chapter 3 describes the design and development of an experimental workstation and
electrochemical cell for testing and operation of LMA SOFCs. It also summarises the

principles of electrochemical techniques that are applied in this study.

In Chapter 4 initial testing of the developed experimental rig along with materials and

equipment is discussed.
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Chapter 5 provides experimental results focused at optimisation of the developed
experimental rig by measurement of permeation rates of air (oxygen) through plastic
tubing. The effect of oxygen leaking into gas lines supplying fuel to the electrochemical cell
on overall electrochemical performance of a fuel cell is also investigated and the method

for separating of oxygen contribution to the fuel cell performance is demonstrated.

A classification of possible modes of operation of liquid metal anode SOFC fuelled with
hydrogen based upon thermodynamic and electrochemical considerations is given in

Chapter 6. Examples of each of the modes are also demonstrated.

Chapter 7 discusses the experimental results on oxidation of hydrogen in LMA SOFC,
which was chosen as the model system for the testing of the RED. Two electrochemical
models for electrochemical (E) and chemical-electrochemical (CE) modes of operation are
proposed. A further re-consideration of a model involving E mode is accomplished based
on investigation of the possibility of a metallic foam existing above the tin anode in LMA
SOFC. Finally, the model developed for CE mode is presented as a theoretical framework

for the obtained results on oxidation of hydrogen in LMA SOFC.

In Chapter 8 additional validation of the model for CE mode is carried out via
determination of oxygen solubility in liquid tin and calculation of a new parameter, the
dynamic oxygen utilisation coefficient, (Z'), evolved from derivation of the CE model in
Chapter 7. A methodology similar to anodic stripping voltammetry (but in this work

involving anodic oxygen injection) is proposed and demonstrated.

Chapter 9 discusses initial experimental findings on water electrolysis using a liquid metal
electrode solid oxide electrolyser cell (SOEC). An electrochemical model for interpretation

of the obtained results is developed.

Chapter 10 presents the design and development of a novel rotating electrolyte disc (RED)
apparatus, which is an inverted system based upon the rotating disc electrode technique.
The results of testing of the engineering aspects of the RED apparatus in an aqueous
system are presented. Chapter 11 concludes the thesis and summarises the main findings

obtained in this study. Potential steps for future work are highlighted.
It has been shown that:

1) The oxidation of hydrogen in LMA SOFC occurs via fast dissolution of hydrogen,
rate-determining homogeneous reaction of dissolved hydrogen and oxygen and
diffusion-controlled injection of oxygen to replace that removed by chemical

reaction (so-called CE mechanism).
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ii)

1i1)

1v)

vi)

A critical design parameter, arising out of the CE model, herewith termed the
dynamic oxygen utilisation coefficient, has been identified. Its value is governed by
geometric, mass-transport and kinetic factors in the fuel cell.

A coulometric technique for determination of the dynamic oxygen utilisation
coefficient has been developed.

The model for the CE mechanism has been validated via calculation of the
solubility of oxygen in molten tin.

Electrolysis of water has been demonstrated together with the development of a
model for the interpretation of the obtained data.

A design for a novel Rotating Electrolyte Disc (RED) technique, proposed for
fundamental investigations of the operation of the LMA SOFC, has been

generated.

vi) The RED design has been validated via its testing in an aqueous redox system.

viii) Glassy carbon in contact with molten tin has been identified as a robust current

collectot.
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2. Literature Review

This chapter summarises the fundamentals of fuel cells with the primary focus on solid
oxide fuel cells. The current technological status of liquid metal electrode SOFCs is then
discussed based on a critical review of the reported studies on liquid metal anode SOFCs.
The main focus has been given to liquid tin anodes, as this metal is applied in the present
work. Finally, the technological challenges that exist in the field of LMA SOFCs are
highlighted. Possible solutions for some of the research questions are proposed, which is

the main purpose of this thesis.
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2.1. Fuel Cells

Conventional fossil fuels are likely to remain the primary energy sources for the next 50
years. With regard to recent energy policies, the conversion of hydrocarbons into energy

has to be done in the most efficient and environmentally sustainable manner.

Fuel cells are electrochemical energy conversion devices that convert chemical energy in
fuel directly into electricity (and heat) without involving the process of combustion?.
This technology is highly efficient, can be applied to a range of fuels (depending on the
type of fuel cell), quiet in operation (the fuel cell itself has no moving parts) and scalable
from mW to MW", As such, fuel cells are considered to be one of the most promising
technological solutions for sustainable power generation. Fuel cells can be used in a broad

range of applications, including: transportation, residential combined heat and power

(CHP), large scale distributed power generation and battery replacement™.

2.1.1. Fuel cell Principles
Fuel cells come in a range of architectures and material sets, but central to all is the
electrolyte onto which there is attached the anode and cathode electrodes. Figure 2.1
illustrates the operation of a fuel cell using hydrogen and oxygen to electrochemically
produce water. Hydrogen is fed to the anode, where it undergoes electrochemical
oxidation into protons and electrons, promoted by the anode catalyst. Produced hydrogen
ions then pass through the electrolyte, while the electrons follow the external circuit to the

cathode, performing useful work.

et o —u"
Hyly > 2H* % Oyt 2H+2e> H,0 |
) H o
Residual fuel Esia Residual oxidant

|

Anode Electrolyte Cathode

Figure 2.1 Individual fuel cell (one example of polymer electrolyte fuel cell).

Fuel cells vary in their design and material composition with respect to their application,
though such properties as high efficiency, low or near zero emissions and quiet operation

are common for all types.
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2.1.2. Types of fuel cells
Fuel cell types vary from one to another in operating parameters and technical
characteristics (e.g. power density, efficiency, etc.). However, the fundamental feature of
the fuel cell which is different, and indeed names the fuel cell type, is the electrolyte. Fuel
cell electrolytes are electronically insulating, but ionically conducting, allowing certain types
of ions to transport through them. There are at least five main fuel cell types: Phosphoric
Acid Fuel Cell (PAFC), Polymer Electrolyte Membrane Fuel Cell (PEMFC), Alkaline Fuel
Cell (AFC), Molten Carbonate Fuel Cell (MCFC) and Solid Oxide Fuel Cell (SOFC). In the
first two types, hydrogen ions (protons) flow through the electrolyte from anode to
cathode to react with oxygen, and produce water; whereas in the last three types (Alkaline,
Molten and Solid Oxide fuel cells) anions (OH', CO,*, O) migrate through the electrolyte

from cathode to anode to react with fuel and similarly produce water (Figure 2.2).

Phosphoric Acid Fuel Cell
H* '
Polymer Electrolyte Membrane Fuel Cell
H* '
Alkaline Fuel Cell

OH-

Molten Carbonate Fuel Cell
CO,~

Solid Oxide Fuel Cell

O

ANODE

CATHODE

Figure 2.2 Flow of ions through different fuel cells electrolyte types.

The most common types of fuel cell systems and their main characteristics, including fuel
efficiency, operating temperature, lifetime, etc. are summarised in Table 2.1. The type of
fuel cell and its operating temperature range are primarily related to the electrolyte material.
The first three types (AFC, PAFC and PEMFC) are considered as low temperature fuel
cells, while the other two types (MCFC and SOFC) are known as high temperature fuel
cells and require substantial amount of heat for initial operation. Low temperature fuel
cells have the advantage of rapid start-up time though necessitate the use of precious metal

electrocatalysts and high purity hydrogen as fuel.
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Table 2.1 Technical characteristics of five main fuel cell types-27.

Fuel Operating Power Capital Fuel Lifetime®/ Applications”*” Advantages” Disadvantages”
Cell temperature””/°C density”* Cost/ Efficiency”’/ h
Type / Wem?  $kKW' %
PAFC  150-200 150-300 3000 55 > 40,000 Distributed Higher temperature Platinum catalyst;
$/ kW Power; enables CHP; Long start up time;
Increased tolerance to  Low current and power;
fuel impurities
PEM 50-100 300-1000 >200 45-60 > 40,000 Backup power; Solid electrolyte Expensive catalysts;
FC (3507 $/kW Portable power;  reduces corrosion & Sensitive to fuel
Distributed electrolyte impurities;
generation; management problems; Low temperature waste
Transportation;  Low temperature; heat
Quick start-up
AFC 90-100 150-400 >200 40-60 > 10,000 Military; Cathode reaction is Sensitive to CO, in fuel
$/ kW Space; faster in alkaline and air;
electrolyte and leads to  Electrolyte management
high performance;
Low cost components
MCFC  600-700 100-300 1000 60-65 > 40,000 Electric utility; High efficiency; High temperature
$/LkW Distributed Fuel flexibility; corrosion and breakdown
power Can use a variety of of cell components;
generation; catalysts; Long start-up time;
Suitable for CHP; Low power density
SOFC  800-1000 250-350 1500 55-65 > 40,000 Baseload power  High efficiency; Fuel High temperature
$/kW generation; flexibility; corrosion and breakdown
Auxiliary power;  Solid electrolyte; of cell components;
Electric utility; Suitable for CHP & High temperature
Distributed CHHP; operation requires long
generation; Hybrid/GT cycle start up time
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Despite this variety of fuel cells, currently the greatest interest is shown primarily to
PEMFC and SOFC. This thesis will discuss recent advances in SOFCs by considering the
liquid metal electrode solid oxide fuel cells (LME SOFC), as a separate highly efficient and
environmentally friendly fuel cell option that shares common features of SOFCs and

molten carbonate fuel cells.

2.2. Solid Oxide Fuel Cells

The solid oxide fuel cell (SOFC) is one of the most promising fuel cells used to convert
chemical energy stored in fuel directly into electrical energy. SOFC are primarily targeted at
medium and large scale applications and considered to be a credible power source for
automobiles and power plants®™. Solid oxide fuel cells are particularly designed for
stationary and distributed power generation where they have advantages over conventional
heat engines due to their compactness, modularity, durability and fuel flexibility. Therefore,
as a result, over the last few decades SOFCs have become very attractive systems and are

on the way to global commercialisation.

Solid oxide fuel cells can be applied to a range of fuels and are less affected by fuel
impurities compared to low temperature fuel cells (e.g. polymer electrolyte membrane fuel
cells). SOFCs have higher overall efficiency™ compared to combustion engines, as they are
not limited by the Carnot cycle. Higher efficiency promotes lower CO, emissions, which is

a critical aspect on the way to a greener future power generation.

The operating temperature (typ. 700 - 1000 °C)° of an SOFC activates the reforming of fuel
and oxidation process and eliminates the poisoning of electrodes with carbon monoxide
(CO), which is common for PEM fuel cells. Hence, highly active catalysts typical for other
class of fuel cells (e.g. platinum in PEM fuel cells), are not required. The operating
temperature not only facilitates rapid kinetics, but also allows production of high quality
heat as a by-product”, which can be further recovered or used secondarily in power
generators”™. The efficiency of waste heat recovery combined with electricity production is

in the range of 85-90% (compare to CHP systems)™.

The solid electrolyte used in SOFCs avoids any corrosion issues arising typically from
liquid electrolyte used in other high temperature fuel cells, for example molten carbonate

fuel cell (MCFC) and hence, increases the durability of the SOFC systems™.

Currently, SOFC technology remains at the R&D level (although commercial systems are
available) due to two main obstacles — cost and reliability. These barriers are both related to
the high operating temperature required to ensure sufficient conductivity of O ions in the

ceramic electrolyte. The operating temperature requires materials which are exceptionally
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stable and robust. Therefore, although significant progress in SOFC development has been
made over the last few decades, its practical application still relies heavily on materials

development.

2.2.1. Principle of operation of the solid oxide fuel cell
The operational principle of SOFCs is very similar to other fuel cell types, though a
difference is that the ceramic electrolyte conducts O ions produced from reduction of
oxygen at the cathode (Equation (2.1)). These negatively charged ions then migrate through
the electrolyte to react with fuel at the anode (Equation (2.2)), and produce reaction
products (e.g. water if hydrogen is used as fuel), power and heat. Equation (2.3) shows the
global reaction for hydrogen oxidation in an SOFC. The generic fuel cell mode of

operation for the SOFC is shown in Figure 2.3.

Cathode reaction: 1/2 0, + 2e~ & 0%~ 2.1)
Anode reaction: H, + 0>~ & H,0 + 2e~ 2.2)
Global reaction H, + 1 / 5 0; & H,0 (2.3)

Oxygen
e
1
| 2H,+20* > 2H,0+4 e 20> €0,+4e
H,
=

Residual oxidant
. —

Residual fuel IHZO
r——————

Anode Electrolyte Cathode

Figure 2.3 Schematic view of SOFC operation using hydrogen as a fuel.

2.2.2. Thermodynamics of ideal reversible SOFC
Treating a solid oxide fuel cell as a closed system operating at constant temperature and

pressure, a general thermodynamic analysis can be carried out as follows.
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From the first law of thermodynamics, the total change in internal energy, AU, of a closed
system is:

AU=Q-W 2.4)
where  — is the heat added to the system; I — work done by the system.
The total work produced by the system is divided into work associated with mechanical

changes and work associated with other sources (e.g. magnetic, electrical, etc.)”. Here, only

electrical work is considered. Hence the Equation (2.4) is refined as follows:

AU = Q — PAV — W,y 2.5)

where PA1”is the expansion/compression work; W, — electrical contribution to the work.

elec

For a reversible change at constant temperature, the heat transferred is given by:
Q =TAS (2.6)

where AS- is the entropy change.

The change in Gibbs free energy, AG, for a system operating at constant temperature and

pressure is given by:

AG = AH —TAS 2.7
and the enthalpy change is defined as:

AH = AU + PAV (2.8)
Substitution of Equations (2.5) and (2.8) into (2.7) results:

AG = ~Wee 29)
This is the maximum electrical energy available in an external circuit, which is equal to the
number of charges multiplied by the maximum potential difference, which is the reversible
cell potential, E°,, and is given by:

rev>

o AG’ (2.10)
E ey =— nF

2.2.3. The Nernst Equation

The reversible cell potential given by Equation (2.10) is the potential for SOFC with
reactants and products in their standard state with activities, =1. Due to the temperature
dependency of Gibbs free energy change (Equation (2.7)), the intrinsic temperature
dependence of a reversible potential is evident.

In SOFC systems the activities of reactants and/or products are approximated to partial
pressures. Deviation of the latter from their standard state is reflected in the Nernst
potential, where the correction of the reversible cell potential is made as follows:
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° RT aproducts (2-1 1)
Erev = E rev __Fln—
n areactants
The Nernst equation for oxidation of hydrogen shown in Equation (2.3) is calculated using
partial pressures in place of species activities with reaction stoichiometry 1, 0.5 and 1 for
hydrogen, oxygen and water, respectively:
1/2
RT  (Pw,P0), 2.12)

Erey = Eorev + ﬁln Do

2.2.4. Fuel cell polarisation
Once a potential is applied to a fuel cell a current flows from anode to the cathode and the
voltage of the cell changes, this process is known as polarisation. A schematics of a typical

tuel cell polarisation curve as a function of current density is shown in Figure 2.4.

At open circuit (when no current is drawn from the cell) the cell voltage is lower than the
thermodynamically predicted voltage due to energy loss under reversible condition, so-
called open circuit losses (losses due to internal current and parasitic reactions), fuel

crossover and mixed potentials.

Reversible potential - Nernst Potential (OCV)

Cell potential losses due to
activation overpotential

-

Cell Voltage / V

Linear drop in cell potential
due to ohmic losses

P

Conentration losses cause decrease of cell potential to zero

Current density / A m*

Figure 2.4 Schematic of a typical current — voltage or polarisation curve that shows the operating cell voltage
with activation, ohmic and concentration potential losses.

The actual cell potential is lower than the reversible potential, £, due to three different

re?

mechanisms of irreversible losses:

e activation polarisation
e ohmic polarisation

e concentration polarisation

13
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Considering this the cell potential is then given by

Ecell = Erev — Nact — Nconc — Nohmic (2'13)

wherte 7, 7, . — are the activation, concentration and ohmic potential losses.

From Figure 2.4 it follows that activation polarization primarily occurs at low current
density, while concentration polarization occurs predominantly at high current density. The

next subsections describe each of the polarisation losses separately.

2.2.4.1. Activation overpotential
Activation overpotential is an additional potential required to overcome the energy barriers
for oxygen reduction (Equation (2.1)) and hydrogen oxidation (Equation (2.2)) reactions at
the electrode/electrolyte interfaces. Activation overpotential becomes significant at low

current density region as the rates of those electrochemical reactions are low.

The Butler-Volmer equation relates the electrode activation overpotential, 7,, and the

current density, 7 as follows:

=i lex aanF(E - Erev) — ex _aan(E - Erev) (2-14)
Or in simplified form:
.. aanFnact aannact (2-15)
J=Jo|exp (") TP ("R

where j, is the exchange current density, @, and &, are the anodic and cathodic charge
transfer coefficients respectively, » — number of electrons transferred in reaction, F —

Faraday constant, R - Universal gas constant, T — operating temperature, £ — cell voltage.

The limiting case of the Butler-Volmer equation is the Tafel equation, which expresses

activation for cathodic reaction (E<<E ) as follows:

Nact = @ — blog(j) (2.16)
And similarly for anodic reaction (E>>FE )
Nace = a + blog(j) 2.17)

where @ and 4 are Tafel equation constants for a given reaction and temperature.

High electrocatalitic activity of electrodes with large values of j, is favourable, as
electrochemical reaction rate is fast and large current densities can be obtained with lower

activation overvoltage.

2.2.4.2. Concentration overpotential
Concentration overpotential arises as a result of the slow mass transport of reactants

reaching the reaction sites and the products leaving them. This leads to depletion of

14
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reactants and accumulation of products at reaction sites. This overpotential is more
dominant at high current densities when the slow rate of mass transport is unable to meet

the required high demand of current output.

Concentration overpotential is induced by the concentration gradient which is caused by
the differences in partial pressures/ concentrations of reactants and products between the

bulk stream and reaction sites (electrode/electrolyte interface)™.

The concentration overpotential at each electrode can be calculated from the local partial
pressures of each reacting species (H,, O, and H,O for typical SOFC operation) that are

transported between the bulk and reaction sites (electrode/electrolyte interface)™:

BT Pozbulk 1/2 (2.18)
Cathode Necone = ﬁln lWl
2
. _RT szbulk pHZOreact 2.19)
nodace Nconc = ﬁln Py react Dy Obulk
2 2

where react. — stands for reaction zone.

Application of Equations (2.18) and (2.19) for determination of concentration
overpotential is not straightforward due to complexity associated with measurement of

local reaction concentrations/ partial pressures.

An alternative equation for calculation of concentration overpotential as a function of
limiting current density at which the partial pressures of reactants at the reaction sites tend

30,32 -

to zero” " is as follows:

RT [ jum (2.20)
= 2.303—1 (—)
T]COTlC TlF Og ]llm _ 1

where j,,is the limiting current density.

2.2.4.3. Ohmic overpotential
Ohmic losses are due to electrical resistance that arises from fuel cell components: cathode,
anode, electrolyte, interconnects. From Ohm’s law, the ohmic polarization is linearly

dependent on the cell current, I, and can be found as follows:

Nohmic = [Rcenr (2.21)

where Nopmic is ohmic polarisation; R, is the overall resistance of the cell.
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The ohmic losses can be improved by increase of conductivity of the cell components and

reduction in the path length for current flow. Hence ohmic polarisation, Nopmic , can be

l; (2.22)
Nohmic = IZ A0,
i

where / — the corresponding path length in cell component 7, 4, — the cross-sectional area

7

expressed as follows:

of the component , g;is the conductivity of the component 7.

2.2.5. Geometry of solid oxide fuel cells
Depending on geometry there are three main configurations of SOFC: tubular, planar and
monolithic™*. The schematic view of all three SOFC modifications are shown in Figure
2.5-Figure 2.10. Generally, both tubular and planar SOFC are designed as electrolyte-
supported, anode-supported and cathode-supported cells, where the support is the thickest
part of the cell®. However, more attention has been devoted by planar SOFC, as it was

reported to have more compact design and higher volume of specific power”.

Interconnect

Air

Injection tube

Anode (Ni-YSZ)
Fuel
Electrolyte (YSZ)
Cathode (LSM)
Cell tube

Current flow

Figure 2.5 Schematic view of tubular SOFC?,

Interocnnectios
Fuel el=ctrade
Electrolyte

2 Anode bus

Figure 2.6 A schematic of cell-to cell connections in a cathode-supported tubular SOFC stack?*.
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Fuel

Air
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|
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Figure 2.7 Schematic of cell configuration in an anode-supported planar SOFC stack?*.

Interconnect
Anode (Ni-YSZ)
Electrolyte (YSZ)

Cathode (LSM)
Air

Interconnect

Figure 2.8 Schematic view of planar SOFC2,

Ceramic
Cathode Electrolyte . interconnect

il— Anode

) Jwvsisngn 17,

Fuel channel C——"> Fuel

Figure 2.9 A schematic of the ‘segmented-in-series’ design adopted by Rolls-Royce?*.

In a monolithic SOFC, layers of electrodes are placed in a certain way so that anode and
cathode form two channels for fuel and air. Three layers of the system are then sintered
into one piece. Monolithic models combine some positive properties from both tubular

and planar systems.
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Cathode

Current Collector Electrolyte
Anode
Air channel
Fuel channel Current Collector

Figure 2.10 Schematic view of monolith-type SOFC33.

2.2.6. Fuel flexibility of solid oxide fuel cells
Solid oxide fuel cells are flexible to a range of fuels, primarily due to the high operating
temperature. They differ from PEM fuel cells which primarily operate on hydrogen gas
(although other liquid fuels such as methanol are possible), whereas other hydrocarbons
can be used instead in SOFCs. The following reaction equations illustrate electrochemical

conversion of carbon monoxide and methane (used as fuels) in SOFCs.

Carbon monoxide (CO):
Anode reaction: 2(CO + O* - CO, + 2¢) (2.23)
Cathode reaction: O, + 4¢ — 207 (2.24)
The overall cell reaction: 2CO + O, — 2CO, (2.25)

At high temperature, there is a side reaction of oxidation of carbon monoxide with water to

carbon dioxide and hydrogen gas, which is a called the water-gas shift reaction™:

CO + H,0— CO, +H, (2.20)

Methane (CH,):
Anode reaction: CH, + 40 — CO, + 2H,0O + 8¢ (2.27)
Cathode reaction: 2(0, + 4 — 207) (2.28)
The overall cell reaction: CH, + 20, — CO,+ 2H,0 (2.29)

2.2.7. Oxide-ion electrolyte in SOFCs
The performance of fuel cells largely depends on the electrolyte. It is generally preferable
for electrolytes to have high ionic conductivity and stability. The nature of the electrolyte

dictates the operating temperature of the fuel cell.
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Apart from the relatively high oxygen-ion conductivity, there are other criteria for solid
electrolytes such as: stability compared to other cell components, adequate thermal and
mechanical properties (strength, toughness, mechanical and thermal shock resistance),
structural and thermodynamic stability (in fuel and oxidising conditions). The thermal
expansion coefficient of the electrolyte should match with other cell components. The
ionic transport number of the electrolyte should be close to unity, otherwise there will be

thermodynamic efficiency losses proportional to the electronic transport component™.

There are four main electrolyte systems applied in SOFCs and they are based on zirconia
(Z10O,), ceria (CeO,), lanthanum gallate (LaGaO;) and bismuth (Bi,0;) oxides. With respect
to fuel cell operating conditions, the most stable is the zirconia-based system, followed by
lanthanum gallate, ceria and bismuth oxide systems™. The oxides can be used separately or
together (mostly two of them) to increase the stability in a reducing environment™. For
instance, bi-layer structures usually contain a layer of doped zirconia on ceria or bismuth
oxide. Zirconia- and ceria-based electrolytes are relatively inert compared to doped bismuth
oxides, which become reactive and thus their stability during the operational time of the

stack significantly decreases.

Yttria-stabilised zirconia (YSZ)
Zirconia-based electrolyte is commonly used in solid oxide fuel cells operated at high (800-
1000 °C) and intermediate (600-800 °C) temperatures™, as it fulfils the above mentioned
electrolyte requirements. Zirconium is abundant in the Earth’s crust (165 parts per million
by weight™) and consequently has relatively low cost. The electronic transport number of
zirconia is small compared to other solid electrolytes in the oxygen partial pressure range

(>10™ atm)™. This is a typical pressure range in fuel cell applications.

Zirconium oxide exists in three different phases: monoclinic, tetragonal and cubic”. Pure
zirconium oxide (ZrO,) is a monoclinic structured oxide at room temperature, with low
ionic conductivity. Monoclinic zirconia (m-ZrO,) is stable at ambient temperature, while
cubic (c-ZrO,) is stable from 2350 °C up to a melting temperature of 2680 °C and
tetragonal (t-ZrO,) is a metastable transition stage between m-ZrO, and c-ZrO,”. During

the heating process, at around 1170 °C monoclinic ZrO, transforms to tetragonal and at

2350 °C from tetragonal to cubic™. These transformations are reversible on reducing the
temperature back to ambient, so that c-ZrO, reverts to t-ZrO, and then back to m-ZrO,.
Reverse transformations are followed by rapid volume change and disintegration of
material. Doping with a lower-valent oxide (e.g. yttria - Y,O;) can be applied to stabilise the
cubic and tetragonal structures at low temperature where they are mostly used. As

tetragonal phase is meta-stable and cubic phase is fully-stable the respective
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dopant/stabiliser amount is needed for each of the phase. The tetragonal phase is stabilised
by adding stabilisers up to 4 mole % of cation, while the cubic phase requires addition in
excess of about 8 mole % of Y,0,. Cubic zirconia is known to be the most ionically

conductive among all three phases.

The following divalent and trivalent oxides can be used as potential zirconia dopants: CaO,
MgO, Y,0;, Sc,0;, Yb,O5, GdO, and some other rare earth metal oxides. However, it has
been found™ that the stabilisers which produce cubic zirconia with best ionic conductivity
are those with a cation of similar size to that of Zr*". The lattice conductivity obtained after
stabilisation is higher for trivalent metal compared to divalent metal oxide dopants™.

Among trivalent stabilisers the most common and well-developed is yttrium oxide (Y,O).

A stabiliser has two main functions: the first one is to stabilise the structure of tetragonal or
cubic phase, while the second is to generate oxygen-ion vacancies to allow oxygen ion
diffusion. Substitution of Zr*" ion with lower valent cation (e.g.Y"") in the crystalline lattice
creates vacancies in the oxygen sub-lattice. This process can be expressed with Kroger-
Vink notation as follows:

zZr0 ’ .
Y,03 —32Y5, + Vo + 30% (2.30)

The created vacancy (V) is mobile and allows oxygen ions to migrate through the lattice
when a certain activation energy level is overcome. Equation (2.30) explains the
phenomenon of oxygen ion conductivity by stabilised zirconia electrolyte, in this case
yttria-stabilised zirconia (YSZ).

As dopant level is increased the conductivity of stabilised zirconia similarly increases.
Higher amount of dopant leads to an increase in oxygen vacancy formation and hence
ionic conductivity of solid electrolyte™. At a certain level of dopant, created vacancies start
to interact, thereby limiting their mobility in the lattice and hence inhibiting the overall
conductivity’”*, As demonstrated by Fergus" (see Figure 2.11) and other studies'"* the 8
mol. % YSZ ((Z1O,),,(Y,05),5) is the minimum amount of yttria needed to stabilise cubic

zirconia which exhibits the highest ionic conductivity.
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Figure 2.11 Conductivity of yttria- and scandia-stabilised zirconia in air at 1000 °C40,

It has also been reported that the 9-10 mol.% ZrO, -Y,0O; system shows no or very low
degradation of electrical properties™. Hence the YSZ electrolyte is used in this research
project. It has an adequate mechanical strength (about 250-300 MPa) with reduction at
1000 °C to about 150-200 MPa along with good ionic conductivity. The yttria content was
changed at early stages of the project to find an optimum trade-off between the ionic

conductivity, mechanical strength and cost of electrolyte material.

2.2.8. Diagnosis of solid oxide fuel cells using EIS
Electrochemical impedance spectroscopy (EIS) is an electrochemical technique that has
been widely applied to distinguish individual losses in SOFCs, including oxygen reduction
reaction kinetics, mass-transport and electrolyte membrane resistance™ . Detailed
overview of this technique is given in the next Chapter in Section 3.4.3. In this subsection
the main focus is given to application of EIS in SOFC studies to the resistivity of the solid

electrolyte.

One of the common applications of the EIS is the analysis of a YSZ conduction
properties™. In a solid electrolyte cell the overall electrolyte resistivity is governed by the
migration of oxygen ions within the lattice and between the grains (so called intra-grain
resistivity), and grain boundary (or inter-grain) resistivity, the latter explained by blocking of
migrating oxygen ions at the grain boundaries. Intra-grain electrical conductivity of zirconia
electrolyte is found to be mainly due to the dopant type and its concentration, and some
other aspects such as phase assemblage, and grain porosity™. An idealised impedance

spectrum of a zirconia electrochemical cell with electrodes consists of three semi-circles in
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the Nyquist plot"’ (Figure 2.12). A corresponding equivalent circuit for that system includes

three parallel R-C elements connected in series.

-200
— model
-150F
" Cg
Z" 100
R Rg R
grain grain clectrode
-50 boundary
0
0 50 100 150 200

Figure 2.12 An idealised Nyquist plot of a zirconia electrochemical cell with electrodes and its equivalent
circuit. The three semi-circular arcs correspond to conductivity within the grain, grain boundaries and
electrodes, respectively*’.

The arcs attributing to the conductivity across the grain and grain boundaries in the solid
electrolyte appear at higher frequencies, while the conductivity at the electrolyte/electrode
interface is more prominent at lower frequencies*"’. The first two semi-circles tend to
diminish with increase of temperature due to significantly reduced intra-grain and inter-
grain resistance of the electrolyte’’. As a result, the first two R-C elements are typically

replaced by a single resistor that represents the overall electrolyte resistivity.

EIS is also widely used to diagnose performance of SOFCs with respect to operating
conditions and cell components. For instance, humidification of supplied fuel significantly
affects the operation of a fuel cell. This may be confirmed with measured in-situ EIS data
where humidified fuel (e.g. hydrogen) results in lower resistance compared to dry fuel®.
Working temperature is another common parameter used to analyse performance of the

SOFC.

Overall, EIS is being commonly used in SOFC studies because it provides individual
fundamental information on each of the phenomena occurring at each interface as well as
the bulk electrolyte conductivity. However, analysis and interpretation of impedance data is
not straightforward, as data analysis has to correlate with other experimental information to

verify the chosen equivalent electrical circuit for data fitting.
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2.2.9. Direct Carbon Fuel Cell
In liquid metal anode SOFCs carbon (coal) can undergo direct electrochemical oxidation to
carbon dioxide. A brief review of the common direct carbon fuel cells (DCFC) is given in

this section to set the scene.

The direct carbon fuel cell (DCFC) was first reported by Sir William Grove in 1839*%.
After several attempts, Dr. William Jacques was the first to build a direct carbon fuel cell in
1896, using a molten hydroxide electrolyte”. Since that time, many researchers have
worked to optimize this technology by applying new materials and improving the cell
design. The most recent designs of DCFC are being developed and proposed by the
Lawrence National laboratory, Cell Tech Power LLC and SRI International simultaneously

with Scientific Applications & Research Associates (SARA), Inc.

The direct carbon fuel cell incorporates the characteristics of MCFCs and SOFCs, using

solid carbon as a fuel instead of a typical gaseous fuel (e.g., hydrogen or methane).

According to the type of electrolyte used in the system, DCFCs are classified into three
main types: those with molten hydroxide electrolyte, molten carbonate electrolyte and solid
oxide electrolyte (typically YSZ). Electrical power is generated directly by introducing solid

carbon, followed by its electrochemical oxidation to CO,. The net cell reaction is:

C(s) + O,(@) > CO, (@), E'=1.02V 2.31)

DCFCs have numerous benefits, including high thermodynamic efficiency, which makes

them advantageous over conventional molten carbonate or solid oxide fuel cells. The
entropy change for the overall cell reaction is positive (AS = 1.6 ] K' mol' at 600°C)
resulting in higher Gibbs free energy change (AG = -395.4 k] mol' at 600°C) than the
standard enthalpy change (AH = -394.0 k] mol" at 600°C)". Therefore, theoretical

electrochemical conversion efficiency of DCFC for the net cell reaction is greater than

100%.

Due to their low carbon emissions, DCFCs are considered to be a more environmentally
friendly option than existing coal-firing plants. Cao ef al* stated a 50% reduction in CO,
emissions compared with conventional power plants. This is explained by direct
electrochemical oxidation of carbon at the anode with no reaction with air. Therefore, the
produced CO, is free from nitrogen as well as combustion products, such as SO,, NO,,
etc., that are formed in combustion boilers. Almost pure CO, produced in a DCFC is then
suitable for further applications or CCS (carbon capture and storage). This advantage

makes this technology exceptionally promising in certain regions of the world, where coal
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remains the primary energy resource (e.g. US, China, Former Soviet republics, etc.). To

date, the US and China remain the highest CO, emitters around the world".

The carbon required for DCFC systems is available from a variety of fuels, such as coal,
biomass, and petroleum coke, which makes this technology even more attractive and
promising. The system simplicity, absence of heat engines and reformers makes this

technology adaptive directly near coal mines.

A schematic configuration of a direct carbon fuel cell constructed by Lawrence National
Laboratory (LLNL, Livermore, CA) is shown in Figure 2.13. A 32% Li,CO;-68% K,CO,

molten salt mixture was used as the electrolyte. The operating current density varied from

58 to 124 mA cm” at cell voltage of 0.8 V, which is 80% of its thermodynamic voltage".
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Figure 2.13 a)LLNL DCFC configuration with carbon particle anode, b) performance of LLNL DCFC*.

A novel arrangement for DCFC was patented by Balachov and co-workers' at SRI
International, where the main fuel cell component was a U-tube, consisting of a cathode
current collector, cathode (lanthanum strontium manganite (LSM)), electrolyte — yttrium-
stabilized zirconia (YSZ), anode current collector. The tube was immersed into a liquid
anode (Li,CO;+K,CO;+Na,CO;). The design is illustrated in Figure 2.14a. The authors

tested a variety of fuels (coal, tar, coke, acetylene, plastic, etc.). Reported power density was

greater than 100 mW cm™ at 950°C (Figure 2.14b).
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Figure 2.14 Configuration of the SRI direct carbon fuel cell (a), performance of SRI direct carbon fuel cell (b)4.

However, there are some ongoing technical challenges for DCFCs. They are primarily
associated with high operating temperatures that require thermostable materials (e.g.

ceramic, metal alloys) for stack components, which are typically expensive™®.

2.3. Liquid Metal Electrode Electrochemical

Systems
The generic construction of a liquid metal electrode solid oxide fuel cell (LME SOFC) is
illustrated in Figure 2.15. The arrangement is ostensibly identical to a conventional solid
oxide fuel cell except that the anode is a molten metal. Fuel is fed to the electrode and
oxidized products are generated in the same way. The difference is that both gaseous and

solid fuel can be fed directly and effectively converted with no pretreatment stage.

Fuel Cell mode: H,, Coal, S ~ Electrolyser mode: H,0, CO,

H,0, CO,, SO, H,, syngas

air electrode

Oxidant

Figure 2.15 Operation of liquid metal electrode reactor in fuel cell and electrolyser mode.

Figure 2.15 also shows the potential for operation in electrolyser mode. This concept has

the cell fed with CO,and steam (H,O) that are electrochemically converted to synthesis gas

25



Literature Review

(a mixture of hydrogen and carbon monoxide), that can be used to produce liquid fuel (i.e.

via the Fischer-Tropsch process) or used in a fuel cell directly™.

2.3.1. Liquid Metal Electrode Solid Oxide Electrolyser
As shown in Figure 2.15 a molten metal anode can be applicable for electrolytic reduction
of carbon dioxide and/ or steam in solid oxide electrolysers (SOE). To understand how
molten metal operates in electrolyser mode, conventional technological characteristics of
SOE should be examined. Hence, this section briefly summarizes recent advances in SOE
technologies using carbon dioxide and steam to produce a gaseous mixture of carbon
monoxide and hydrogen, which is usually referred to as “synthesis gas” or “syngas”. The
present study focuses mainly on application of a liquid metal electrode in fuel cell mode,
though a possible application of molten electrode for water electrolysis has been also

explored briefly (refer to Chapter 9).

High temperature electrolysis of CO, and steam for production of synthesis
2as
A significant amount of work has been done in this research area, as it seems to be a
promising technological solution for production of hydrogen (alternative energy fuel) and
carbon monoxide comprising the synthetic gas suitable for further applications® ™. It is a
favourable option that offers simultaneous reduction of carbon dioxide and steam that are
usually released into the atmosphere in conventional power plants.

Pati et o> have stated several advantages of SOE:

- Utilization of waste heat from nuclear waste and industrial processes to meet heat
requirements of SOE;

- Production of pure hydrogen, free from typical impurities (sulphur and CO).
However, the main drawback remains high power requirement for electrolysis of steam™.

Typical SOSE contains cathode and anode separated by oxygen-ion conducting YSZ
electrolyte. Steam is fed to the cathode, where it dissociates into H, and O; the produced
oxygen ions migrate through electrolyte layer to the anode and are oxidized to produce

molecular oxygen:

Cathode reaction: H,0 +2¢>0” + H, (2.32)

Anode reaction: O*>2 +1/20, (2.33)

By analogy to steam electrolysis the reduction of CO, to CO using conventional SOEs

(with Ni-YSZ electrodes) has been reported recently” demonstrating relatively good
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performance. The reduction reaction is carried out at the cathode side of the SOE as

follows:

Cathode reaction: CO,+ 2¢ 20” +CO (2.34)

However, there are still concerns regarding the stability of Ni-YSZ components, as they
can be damaged by a CO-CO, environment. Therefore, further investigation on more

stable electrodes or lower energy requirements is needed.

The process of steam dissociation is regulated by applied potential difference between
electrodes and requires significant power (ca. 70% of the total energy used). It was
suggested that energy requirements might be reduced by introducing new anode materials,
as liquid metals™.

: 53,56
Several studies™

reported an adequate performance of solid oxide steam electrolyser
(SOSE) where molten tin was employed as anode. This technological solution can be also

applied for CO, electrolysis.
The design of such a steam electrolyser with liquid tin anode and Ni-YSZ cermet cathode
is presented in Figure 2.16. Successful production of hydrogen at temperature range from

900 to 1000 °C was achieved whereby high temperature steam was fed to the cathode,

while solid carbon - to the liquid tin anode.
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Figure 2.16 Schematic of solid oxide membrane electrolyser for waste to hydrogen and syngas conversion®3.

The main concept of such electrolytic cell was the introduction of a reductant that would
lower the energy requirements for steam electrolysis by reducing the chemical potential of
oxygen”. SOE or SOFC with conventional solid electrodes cannot handle a solid
reductant, except those that use molten metal electrodes, where reaction between solid and

liquid is more favourable.
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In such a SOEC system the liquid metal has been used as the anode. There are no literature
studies that present solid oxide electrolysis using liquid metal as the cathode for reduction
of species within the melt. Hence this field of the LME systems is open for further
research. Early work on water/steam electrolysis using a molten tin electrode in solid

oxide systems is demonstrated in Chapter 9 of this thesis.

2.3.2. Liquid Metal Anode SOFCs
The liquid metal electrode resides in a layer between the fuel chamber (gaseous or solid
fuel) and the solid electrolyte (Figure 2.17). The oxygen reduction reaction occurs at the
cathode/electrolyte interface generating oxygen ions, which then migrate through the solid
electrolyte, typically represented by yttria-stabilised zirconia (YSZ), to the liquid metal
anode. The O ions react electrochemically with the liquid metal, generating metal oxide
which is the active species for the oxidation of the fuel (gaseous or solid - carbon and
hydrogen in the diagram), producing carbon dioxide or water respectively. However, the
exact mechanism occurring and the species involved in the liquid metal anode media are

not well defined and depend upon the metal used and operating conditions.

The molten metal blocks direct contact of electrolyte with gaseous impurities and hence
reduces electrolyte degradation by inhibiting the reaction between contaminants and
electrolyte’. Moreover, the fuel contaminants can become a fuel source themselves as they
undergo electrochemical oxidation. All of the electrolyte surface in contact with the anode
is available to supply a flux of oxide ions for reaction - there is no need to engineer a

complex ceramic metal (cermet) electrode with optimized triple phase boundary (TPB) as is

57,58

necessary in conventional SOFCs
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Figure 2.17 Schematic showing operation of LMA SOFC with (a) hydrogen and (b) solid carbon, as the fuel.
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2.3.2.1. Operation of Liquid Metal Anode SOFCs
The liquid metal anode acts as an intermediary for the oxidation of fuel’. Taking a molten
metal (M) and hydrogen as a fuel, the reactions at the LMA-SOFC anode follows the

generic mechanism:

Mgy + n0*" & MO, + 2ne” (2.35)
MO, + nH, & M + nH,0 (2.36)

The first reaction (2.35) proceeds at the liquid anode-electrolyte interface, whereas the
second reaction (2.36) occurs at the fuel-anode interface. The oxide ions (O%) are delivered
from the cathode via the electrolyte. The state of oxygen in the metal varies with operating
conditions. When using tin, oxygen may form oxide or suboxide, or remain dissolved in the
melt”. The state of oxygen may vary, though it has no particular effect on the overall

reaction, which is the sum of the first and second reactions:

H,+ O" 2H,0+ 2¢ (2.37)
This reaction (2.37) is applicable to any liquid metal anode SOFC system including Sn or

60
Cu™.

2.3.2.2. Thermodynamics of LMA SOFC operation
The maximum electrical voltage generated by an electrochemical system can be determined
via the equilibrium electrode potential (E,), expressed by the Nernst equation (2.38) as

follows:

. LU (2.38)
rev . i i
nF :

EN:

where 4, and v, are the activities (fugacities for gases) and stoichiometric coefficients of all
reactants and product species 7 R is the molar gas constant, 8.314 ] mol” K, T'is absolute
temperature and E£°,, is the standard electrode (equilibrium) potential of the reaction that
can be defined from the Equation (2.39):

. —AG,° (2.39

E rey = “F)

where AG is the Gibbs free energy change for the global reaction of H, oxidation (H, +
1/20,2 H,0), 7 — number of electrons transferred during electrochemical reaction and F

is the Faraday’s constant.
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The standard equilibrium potentials of several metal-metal oxide couples as a function of
temperature are shown in Figure 2.18. The data for the figure was generated using the

chemical reaction and equilibrium software HSC Chemistry 6.1 (Outotec, Finland).

It can be seen that the cell voltage is expected to decrease with increasing temperature, as a
result of the negative entropy change associated with the reactions. However, the voltage
obtained under operating conditions (with a net current flowing) is difficult to predict. In
addition to the usual loss mechanisms associated with reaction kinetics, ohmic and mass
transport limitations, cell voltage will depend on the actual reaction at the anode: whether it
is directly with dissolved fuel or the oxidation of the metal to oxide (electrochemical

reaction) followed by oxidation of the hydrogen by the oxide (chemical reaction).

If the reaction is directly with the fuel then conventional fuel cell reaction OCVs will hold,
which are generally higher than those for the reaction with the metal. Therefore, from a
thermodynamic perspective, it may be preferable for the metal to have a low affinity for

oxygen and a high solubility of fuel and oxygen.
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Figure 2.18 Effect of temperature on standard equilibrium cell potentials for various metal oxidation reactions.

Battery Effect
The use of LMAs can have an additional positive impact on fuel cell performance by
creating the so-called ‘battery’ buffering effect. It is well known that SOFCs (similar to
other fuel cells) can be detrimentally affected by power demand surges during operation,
since such surges can cause fuel starvation, which in turn may cause irreversible structural

changes at the electrodes. The presence of a certain amount of LMA acts as a metal-oxygen
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battery, where the metal itself is oxidised to provide sufficient load*'**". The oxidised metal

can be reduced again by the fuel fed into the anode when normal load is resumed.

2.3.2.3. Ideal Potential
According to the Nernst Equation, the ideal potential for LTA SOFC can be derived

similar to any kind of hydrogen fuel cell and expressed by the following equation®:

1 (2.40)

—AG® RT a X a
Ey = +—1In Ha(a) 02(c)
2F 2F aHZO(a)

The simplified form of the above Equation (2.40) is presented below™:

B ﬂln <a02(c) > (2.41)
4F a02 (@)

Ey

where E, is the ideal Nernst potential, AG” is the Gibbs free energy change for the
reaction of production of water from H, and O, (H,+ 1/20,2> H,0).

In their fundamental analysis of the LTA SOFC, Gemmen ef a/” explained different types
of electrochemical equilibrium that occur in the system, such as Anode Gas — Liquid Metal
Equilibrium, Liquid Metal — Metal Oxide Equilibrium, and also suggested the pattern of

non-equilibrium operation of the system.

For the first case of equilibrium it was assumed that the species in the anode gas phase are
in equilibrium with species in the liquid metal. This is possible due to the equal chemical
potentials of species in gas phase and in molten metal phase. And hence, at given
concentrations of hydrogen and water in the anode gas, the given oxygen activity remains
independent of the form in which the oxygen is incorporated (oxide, dioxide, sub-oxide or
dissolved oxygen). Subsequently, Equation (2.41) can be written as®:

_kr < a0, (o) ) (2.42)
AF aoz(m)

Ey

where ag,(m) 1s activity of oxygen within molten metal.
The activity of oxygen within the molten metal (Sn) is the same, and is equal to the activity
of oxygen in the anode gas phase; hence the ideal potential of the system expressed by

Equations (2.41) and (2.42) are equivalent.

The second case presented by Liquid Metal — Metal Oxide Equilibrium, where there is a
case of formation of metal-oxide phase due to sufficiently large oxygen concentration in
the anode. As a result, metal-oxide equilibrates with liquid metal and oxygen at the anode.

Assuming that until there is enough oxygen at the anode side to consume all the metal (so
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that there is no metal oxide), the ideal potential is only dependent on the activity of oxygen

at the cathode side and working temperature®:

—A (O
E, = A GZ?_MOTL N gln(aoz(c)) (2.43)

where AG’ 0. 1s the change in Gibbs free energy for metal oxidation reaction (M+ (n/2)
0,~> MO,).

In summary, it was shown that Equation (2.41) is applied for general cases; Equation (2.43)
is used if it is evident that both metal and metal-oxide exist (e.g. for battery mode, where
only conversion of M to MO, is possible). And finally, the Nernst equation expressed by
Equation (2.40) can be applied when H, is available for the reaction of hydrogen

conversion to water.

In the following figure (Figure 2.19) Gemmen et al* presented the calculated Nernst
potentials over a range of temperature for all three cases (Sn+O,2Sn0O,;
Sn+1/20,28n0; H,+1/20,2H,0, where the system pressure is 1 atm; partial pressure
of O, at cathode = 0.21 atm, hydrogen content is about 97%).
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Figure 2.19 Ideal Nernst potentials for LTA SOFC for all three reactions®2.

According to Figure 2.19, the actual OCV of the system is between two given potential
lines. The potentials shown provide a rough estimate of fuel cell performance but in
practice the system is not in equilibrium and as stated by Abernathy e o/ a higher oxygen
activity is present within liquid anode than within the anode gas stream (where H, is
present) due to some resistance of oxygen flow in liquid melt. At a particular current
density, oxygen activity grows considerably compared to oxygen activity in the anode gas
phase, leading to formation of metal oxide. The metal oxide produced then blocks the
electrolyte interface, reducing the overall cell performance and can pose significant

problems®.
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2.3.3. Liquid Tin Anode SOFC
Liquid tin anode SOFCs (LTA SOFC) have been demonstrated with a variety of fuels,

including gaseous, solid and liquid carbonaceous fuels that do not require any processing,
reforming or pretreatment to remove sulphur. The power density reported was >160 mW
cm” with hydrogen and 120 mW cm™ with JP-8 fuel”. Operated at 900 °C, a layer of
molten tin (6 mm) was exposed to humidified H, gas (3% H,O). From the analysis of
transient time characteristics, the oxygen (oxide) diffusion coefficient of 1x107” cm® s was
deduced from test results. The value differs significantly from previously measured
literature values”. Oxide diffusivity is one of the most critical fundamental parameter that
determines cell performance. Inconsistencies in literature reported values call for further

work to develop robust methods for the determination of this parameter.

Physical and chemical properties of tin and tin-oxygen systems
Abernathy e al. make the case for tin as a good candidate for LMA SOFCs’. A comparison
table (Table 2.2) summarises physical properties and abundances of various metals that can
be used as a liquid anode. The metal should have relatively low melting point (simplifying
operational conditions) and high boiling point. Tin has a low vapour pressure (9.87 x 10
Pa at 1000 "C) and hence, low volatility"’, i.e. the anode is not vaporised into the fuel exit
stream during operation. Being technically easier to operate with, Sn remains the most
commonly used anode material for such LMA SOFC systems, though some researchers are
seeking alternative anode materials and suggest the use of metal alloys based upon tin.
Such factors as metal abundances in the Earth’s crust, annual production and associated
prices also have to be taken into consideration. Research studies so far have shown results
working with tin, copper and bismuth. Other metals may not be suitable due to health

hazards (Sb), high price (Ag) or low abundance (In).
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Table 2.2 Common metals properties and abundances, prices (adapted from Abernathy ez alf).

Metal T,/ °C T,/°C Price*/  Abundance in Reported studies

$ kg Earth’s crust/  using metal and/or
ppm metal alloys

Aluminum 660 2520 1.7 83,000 -

Antimony 631 1587 5.0 0.20 19,63 64-69

Bismuth 271 1564 16.3 0.063 LO06370

Cadmium 321 767 2.7 0.10 -

Copper 1085 2563 5.2 79 &

Indium 157 2073 390 0.05 v

Lead 328 1750 1.7 7.9 Pb - ”;Sn-Pb alloy-"';

Sn-Pb-Bi alloy-*,

Tln 232 2603 139 25 6,12,13,15-17,20,59,62,64-73

Silver 962 2163 471 0.079 -

Zinc 420 907 1.7 79 -

*The metal prices are taken from US Geological Survey Minerals Information Team, Mineral Commodity
Summaries 2010.

Table 2.3 shows the chemical and physical properties of tin at a range of temperatures,
including the solubility of oxygen, hydrogen and sulphur. Electrical resistivity of tin at 1000
’C has a reasonable value of 67.1 u€2 cm compared to the resistivity of nickel (53.1 p€2 cm)
used in conventional ceramic metal (cermet) SOFC anodes'”. The density of tin and nickel
at room temperature are 7.28 g cm” and 8.90 g cm”, respectively. This makes tin an even
more preferable metal on the basis of weight'. High solubility of sulphur at high
temperatures’” in the melt is an attractive property of tin, allowing ‘dirty’ fuels to be used
without sulphur removal or fuel reforming.

Table 2.3 Thermophysical properties of tin®.

Property Temperature / °C Value
Surface tension 232 5.44 mN cm™
Viscosity 232 1.85 mN s m™
Expansion on melting 232 2.3%

) 800 0.58 ¢ cm™
Density 1000 6.48 g cm”
Resistivi 800 62.1 pQ cm

esistvity 1000 67.1 uQ cm
Gas solubility-oxyeen 536 0.000018 wt%o
fy-0xy8 750 0.0049 wt%%
. 1000 0.04 cm’ H,/100 g Sn
Gas solubility- hydrogen 1300 0.36 cm® FL,/100 g Sn
. 800 4.5 wt%
Gas solubility - sulphur 1000 8.0 wiv%
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The viscosity of liquid tin is not much greater than of liquid water” at 20 °C, 1.002 mN s
m?, hence the hydrodynamic properties of both fluids are similar. Low viscosity can be
exceptionally valuable if for instance a vigorous stirring or rotation inside the melt is

required. It may be also useful for circulation of liquid tin anode around the system.

One of the less attractive features of tin is its relatively high surface tension, and hence
poor wetting properties. Nogi e al.”® reported the surface tension of liquid tin measured by
the sessile droplet method as a function of temperature and oxygen partial pressure.
Surface tension values between 5.5 and 4.95 mN cm’ were reported for the temperature
range of 227 and 827 °C at low oxygen partial pressure. This would primarily affect the
liquid tin/ solid electrolyte (typically YSZ) interface when a thin layer of tin is anticipated.
In order to resolve this issue an extra mechanical pressure has been applied by some

16-18,63

researchers on top of the liquid tin to reduce its contact angle and wet the surface of

electrolyte.

Reports on hydrogen solubility in liquid tin date back to the 1920’s. Abernathy e# /° have
recently summarised the early papers on H, solubility in liquid tin: a value of 9x107 at.% H
in tin at 1000 °C or 3.81X107 moles of H,/100 g Sn was measured by Bever ¢z a/”" while
Iwase® reported 1.4x107 at.% H in tin at 1000 °C (5.9%10” moles of H,/100 g Sn). Clearly
a substantial difference of more than two orders of magnitude in the reported values is
evident, possibly due to variation in methods applied, as well as general difficulty of the

measurements.

The solubility of oxygen in liquid tin has been measured by Belford and Alcock™ using
electromotive force (EMF) measurements in the temperature range from 536 °C to 751°C
and extrapolated to cover the range from 232 °C to 1100 °C. Measured and predicted

values for oxygen solubility in liquid tin are shown in Table 2.4.

Table 2.4 Solubility of oxygen in liquid tin™ .

Temperature / °C Direct values /at.% [O] Method
536 0.0012 Measured
600 0.0042 Measured
700 0.0190 Measured
751 0.0360 Measured
780 0.0561 Predicted

Similarly Ramanarayanan and Rapp™ have reported solubility of oxygen in liquid tin using
(EMF) measurements in the temperature range of 750 to 950 °C. The following expression

was derived from experimental data obtained:

N5 (Sn) = 1.3 X 10%exp (— 310;0) (2.44)
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where N§(Sn) is the solubility of oxygen in at.%, R is the gas constant in cal K'mol", and

T'is the absolute temperature in K.

At a temperature of 780 °C (the operating temperature in present work) Equation (2.44)

predicts an oxygen solubility of 0.08 at.%b.

The possible states of oxygen in liquid tin have been recently determined by Cahen ez a/™
and presented in the form of Sn-O phase diagram (Figure 2.20). From the diagram the
solubility limit of oxygen is about 2 at.% at 1000 °C. Beyond this point tin dioxide (SnO,)
precipitates in the solution (melt). This number is almost twice that calculated by the

previous Equation (2.44) — 0.91 at.% at 1000 °C.
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Figure 2.20 Sn-O phase diagram determined at 1 bar8!.

Abernathy e al. have also attempted to determine the oxygen solubility in the liquid tin
anode in order to further refine the existing data in the literature’. An oxide ion flux was
assumed to be a measure for the dissolved oxygen concentration when currents of various
magnitude were supplied to the LTA SOFC at an operating voltage of 0.78 V (the potential
at which tin is suggested to convert to tin dioxide). As a result, a value of 0.8 at.% at 1000
°C was found to be in fair agreement with 0.91 at.% given by Ramanarayanan and Rapp.
The phase diagram for Sn-O system was also composed by Abernathy e 4/ using the

FactSageTM 5.6 thermodynamic modelling software (Figure 2.21).
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Figure 2.21 Sn-O system phase diagram calculated at 1 bar®.

From the obtained phase diagram, oxygen solubility at 1000 °C was found to be 0.5 at.%
with a maximum oxygen concentration of about 10 at.% at 1600 °C. Both values for 1000

°C are closer to the value calculated using Equation (2.44).

Clearly there is a discrepancy in the literature data on oxygen solubility in liquid tin,
including data obtained from thermodynamic modelling as well as experimental
measurements. Saturated oxygen concentration is a parameter of technological significance
for LMA SOFCs, as fuel oxidation rate is governed by dissolved oxygen in liquid tin. The
enhanced solubility of oxygen in liquid metal results in greater power output from a fuel

cell. Therefore, calculation of its value is essential for the development of LMA SOFCs.

Precipitation of tin oxides (SnO or SnO,) occurs if oxygen is constantly added to liquid tin,
exceeding its solubility limit. From differential scanning calorimetry measurements
Bonicelli ¢ al** confirmed that only SnO, is found in the system at temperatures greater
than 525 °C. Precipitation of SnO, in liquid tin affects the performance of Sn-based SOFC
systems due to a substantial difference in physical properties of a pure metal and its oxide.
Tin dioxide is an n-type wide-gap semiconductor with a bulk conductivity of 0.3 S cm™ at
1000 °C® for a dense structure of SnO,. Lower conductivity is found for less dense layers
of SnO,*. Reduction of conductivity upon formation of even thin layers of SnO, may
explain the decline in the performance of a Sn-based LME SOFCs. At high temperatures
tin dioxide becomes denser than liquid tin with calculated densities of 6.98 and 6.58 g cm™
at 800 °C for SnO, and molten tin, respectively*®. This difference in the density is another
factor that may adversely influence the overall fuel cell performance. As a result of those

factors the power output of liquid tin anode SOFCs (operated in a vertical orientation)
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typically decline upon formation of even the first thin layers of SnO,. The former aspect
potentially increases the resistivity in a fuel cell. The latter is responsible for the fact that
the SnO, layer will not float to the top of the molten tin, but sink and hence block the
active liquid tin/electrolyte interface. Therefore, formation and precipitation of a dense and

less conductive layer of SnO, should be monitored and ideally eliminated.

Fuels Investigated
Various fuels have been studied for LTA SOFCs including biodiesel ?, military fuels, such
as ]P—813’15’16, gasoline, methane, etc. All these studies confirm the LTA SOFC fuel
flexibility. The measured efficiency of LTA SOFC operated on hydrogen, carbon and coal
compiled 50%, followed by plastic with efficiency of 45%, diesel and natural gas- 40%".

2.3.4. Electrochemical Characterisation of LME SOFCs
A significant amount of work has been done on electrochemical testing of SOFCs with a
variety of liquid anodes. Tin, as explained in Section 2.3.3, remains the most common
anode material. Hence, more liquid tin anode studies have been published recently.
However, in this section studies on liquid tin and/or other anode metals, metal alloys

anodes relevant to the current project are reviewed.

2.3.4.1. Electrochemical Characterisation of liquid tin
anode SOFCs
The first studies on LTA SOFC were performed by Cell Tech Power LLC' with
subsequent focus on application of LTA SOFC for distributed power generation using
natural gas. The next step was to test alternative fuels such as waste plastics and military
logistic fuels (e.g. JP-8) applicable for portable applications, followed by studies where
biomass and coal are considered to be directly converted in L.TA SOFC. Tao et al' initially
developed the Gen 3.0 cell and stack and demonstrated a power density of 40 mW cm™
with JP-8 fuel. Cell performance was significantly improved in the next generation cell -
Gen 3.1, which was lighter by a factor of four. The operational power density was 120 mW
cm” with JP-8 fuel that contained 1400 ppm of sulphur'’. This study confirmed the
operation of LTA SOFC without fuel desulfurization or pre-processing. To overcome
existing drawbacks of the previous cell design (Gen 3.0) an alumina porous separator was
introduced to increase fuel mass transport to liquid tin. Prior to testing with JP-8, Gen 3.1

was tested with hydrogen to ensure proper cell operation (Figure 2.22a).
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Figure 2.22 Power curves for tin based cells operating(:{b(;?7 hydrogen and JP-8 (a); durability test on JP-8 (V, W)
At equal operating conditions the cell fed with JP-8 showed 70-80% of the cell
performance compared with hydrogen: the maximum current density for hydrogen was 316
mA cm” and 220 mA cm” for JP-8, corresponding to a maximum power density of 153
mW cm? and 120 mW cm?®, respectively. In terms of durability, Gen 3.1 with JP-8
demonstrated an average efficiency of 17.4% at 30 mW cm™ for the 100 hour durability
test. The whole durability test is illustrated in Figure 2.22b. The next generation of cells
aims to reach >200 mW cm™ power density with the military fuels. To achieve this a more
detailed evaluation of separator properties such as porosity and stability for long-term
operation is still needed'’. It has been pointed out that interactions between the liquid tin
anode and fuel have not been systematically studied and that better modelling and a

fundamental study are needed.

Direct conversion of biodiesel has been demonstrated using the LTA SOFC™. In an
approach similar to that adopted for JP-8, a tubular LTA SOFC cell was tested for 4.5 h
with biodiesel (B100) prepared from virgin and waste cooking oils”’. Peak power and
current density values of 117 mW ecm™ and 217 mA cm™ and overall cell efficiency of 40%
were reported. The results of the study also verify the fuel flexibility of the LTA SOFC

system.

An interesting approach of using a separate electrochemical reactor coupled to an external
chemical reactor with liquid tin anode SOFC was proposed by Colet Lagrille ¢z a/.”. The
system oxidizes carbon directly in fuel cell mode and produces H, in the electrolyser mode.
The schematic of two separate reactors is illustrated in Figure 2.23. The approach has the
advantage of allowing the ‘combustion’ (fuel oxidation) process and the electrochemical
oxidation of the melt to be optimized in two separate reactors; it also improves mass
transport losses. The disadvantage is that pumping of liquid metal between the reactors is
necessary. This study also reports a 2D model of a micro-tubular hollow fibre fuel cell to

predict distribution of oxygen concentration within the liquid tin anode™. The diffusion
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coefficient of oxygen in tin was assumed and the authors highlighted the need for accurate

determination of this parameter for reliable model prediction.
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Figure 2.23 (a) Schematic of a LMA SOFC coupled to an external combustion reactot, (b) Schematic of a LMA
Solid Oxide Electrolyser (SOE) coupled to an external combustion reactor’’.

Operation of LTA SOFC in a battery and fuel cell mode (fed with hydrogen and coal) was
recently evaluated using the EIS technique by Khurana ez «/”. From open circuit voltage
(OCV) measurements reduction of SnO, with hydrogen was found to be more effective
with respect to coal. This confirmed that H, remains the most efficient fuel in SOFC with
liquid metal anodes. On the contrary, the fitting of EIS spectra revealed the lowest ohmic
and charge transfer resistances when LTA SOFC was operated with argon (in battery-
mode), followed by coal and finally with H,. The H,-fed cell resulted in the greatest overall
resistance with extra mass-transfer resistance explained by more complicated fuel oxidation

process compared to simplified oxidation of tin to tin dioxide in battery-mode.

A similar study to the above with opposing EIS results was reported by Wang ez al.”.
Deterioration of LTA SOFC with a single crystal YSZ electrolyte was demonstrated using
both the polarisation curves and EIS spectra. The Sn-based cell was operated in battery and
fuel cell mode (fed with H,, CO and solid carbon). H, fuel was found to be the most
efficient for reduction of SnO, which showed a better performance compared to all other
fuels (from both OCV and I-V curves). Performance of a cell in a battery mode was the
poorest, indicating that the presence of active fuel is essential for such systems (to reduce
SnO, species in the melt). A constant ohmic component in battery mode and fuel cell
mode (with H, and CO) contributed ca. 2.3 Q, whereas the non-ohmic contribution was
maximum in battery mode, followed by CO and finally H,. Those losses were associated
with the rate of reduction of SnO, via different fuels. Hence a cell with H, fuel showed the
best performance compared to CO, carbon or without fuel (in battery mode). These
findings contradicted those of Khurana ez /. The EIS data reported by Wang e al. were
supported by cyclic voltammetry tests that showed a deterioration of performance and

limiting current densities, reducing upon using H,, CO and without fuel. Good correlation
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between the results obtained by OCV, polarisation curves and EIS data provides more
confidence in the findings demonstrated by Wang e# 4/ The discrepancy found between

these two studies indicates the need for further investigation with the EIS technique.

Degradation of LTA SOFC in both studies was claimed to be due to an accumulated layer
of SnO, that blocked the active interface for diffusion of O” ions. Deteriorated LTA cell
made of single crystal YSZ electrolyte was further evaluated with SEM and Energy-
dispersive X-ray spectroscopy’. Apart from porous and crystal layers of SnO,, another
layer of SnSZ was suggested to exist at the surface of the electrolyte. That SnSZ layer
indicated the possible agglomeration of Sn with the surface of single crystal YSZ and its
reaction with YSZ”, which may be another operating challenge in LTA fuel cells. To
confirm this there is a need for microstructural evaluation of liquid tin/electrolyte interface

particularly after long-term operation of such systems.

2.3.4.2. Alternative metals and metal-alloy anodes for
LME SOFC
Other metals and metal alloys have been demonstrated as interesting anode materials
capable of direct carbon oxidation in novel SOFCs. As presented in Table 2.2, most
common liquid metal anodes are made of tin, antimony, bismuth, lead, indium, copper, and
rarely - silver.

Liquid antimony

Liquid antimony has been assessed as an anode for DCFCs'®. Operating at 973 K and
employing a scandia-stabilized zirconia (ScSZ) electrolyte, the system, incorporating an air
electrode but with no input of fuel, has demonstrated an open-circuit voltage (OCV) of
0.75 V for the redox couple Sb - Sb,O,. Having an anode electrode resistance of 0.06 €
cm’, the operated power density was 350 mW cm”. As expected, the addition of sugar char
immediately increased the cell voltage as the Sb,0O, was reduced with fuel, preventing
formation of a metal oxide layer on the electrolyte surface. Scaling up of such liquid
antimony DCFC technology may require an increase in the rate of reaction between fuels
and antimony oxide, as some carbonaceous fuels (carbon black, rice starch) have not

demonstrated any interaction with liquid Sb'®.

Substantial work has been done recently with Sb molten anodes by research group in
Tsinghua University, China. The effect of electrolyte morphology on the performance of
Sb-based cells was investigated”. Increase of surface roughness of electrolyte resulted in
improved performance of a fuel cell due to enhanced effective contact area of Sb anode.
Formation of antimony oxide, which is liquid at operating temperature (800 °C), had a
positive effect on the fuel cell performance due to intrinsic Sb,0O; electrical conductivity of
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0.0792 S cm™ at 828 °C¥. In further studies (in battery mode) it was shown that changing
the ratio of Sb to Sb,O; (in the melt) to 50:50 resulted in reduced anode resistance of 0.8 €
cm” which is similar to that for porous solid anodes”. A numerical model was later
developed to fit experimental characterisation of an Sh-cell operating in a battery-mode®.
Other studies of this group related to evaluation of Sb-based fuel cells for direct oxidation
of coal”®. As shown above by Jayakumar e a/, addition of a fuel (de-ashed coal) into
molten Sb enhanced the fuel cell performance, although smaller coal particles were
proposed to be used for further improvement. However, the problem with accumulated

Sb,O; layer at the interface remained un-changed since the first work on liquid antimony

SOFCs.
Liquid Copper

Successful performance of LME direct carbon fuel cell (DCFC) has been demonstrated
using a2 molten copper anode operating at 1373 K. The overall conversion efficiency

measured at maximum power density was 62.5%.

Design of this system was different to those discussed earlier in the way that the cathode-
supported YSZ tube was immersed into liquid copper media. Figure 2.24(a) shows the

schematic presentation of the system:
[Pt, Cr Cermet, Cu-O (1) +C // (Y,O,) ZrO,//La,,St,, (Mn, Fe, Co)O, ; O, (air), Pt].

The fuel (coke particles) was added via an alumina inlet tube and stirred thoroughly with a
stirrer; the entire cell was suspended in a vertical furnace. The OCV of the system was
measured to be 1.2 V, and generated 2 maximum power density of 1.7 W cm?® (2.25 A cm™

at 0.75 V) as shown in Figure 2.24(b).
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protection tube
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(a) (b)
Figure 2.24 (a) Schematic of liquid copper anode SOFC, (b) polarisation and power density curves for liquid
copper anode SOFC®,
Despite good overall performance, liquid copper SOFCs are difficult to operate. The
relatively high vapour pressure of copper, compared to tin and other metals, is a challenge

for practical operation. In addition, copper anodes necessitate very high operating
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temperatures (melting point at 1358 K), which inevitably complicates operation of the

system.
Liquid bismuth

Liquid bismuth has been reported to have an inferior performance to tin anodes”. The
OCV was reported to be slightly lower than theoretical (440 mV): 424 mV with hydrogen
supplied and 408 mV without’". Being ion-conductive, bismuth oxide may solve the
problem with oxide transport blockage through YSZ-anode media™. However, operating at
lower power densities, liquid bismuth SOFCs require in-depth investigation and are not
considered to be a feasible alternative to SOFCs with a tin anode™*. Possible reaction of
bismuth oxide with yttria (Y,0;) in YSZ electrolyte may affect the structure and the
properties of electrolyte” ™. Similar to antimony bismuth has low vapour pressure”, which

is also toxic. This adds to the list of disadvantages of this anode.
Other metal anodes for LME SOFCs

Indium (In), lead (Pb), antimony (Sb)" and silver (Ag)”' have also been examined in battery
and fuel cell modes (if feasible) to test their anodic efficiency in LME SOFCs. Similar to
tin, the performance of indium was adversely affected by formation of metal oxide at the
electrolyte interface when higher current was drawn. This was not the case for Pb and Sb,
where the melting points of their metal oxides were lower than the operating temperature.

Direct oxidation of coal has also been proposed to operate in a liquid iron anode SOFC™.

The application of a liquid silver anode for DCFCs has been experimentally explored by
Javadekar” who achieved an OCV of 1.12 V with charcoal. Liquid silver has lower melting
point and higher oxide solubility compared to other metals (e.g. copper) and therefore is
advantageous. Another approach was to use a Ag-Sb alloy, where the high solubility of
oxide in silver might be combined with the low melting point of Sb, to improve overall

anode performancegl.
Metal alloy anodes

In an effort to optimize anode properties, various alloy systems have been investigated.
The work involving the pure metal anodes (bismuth) mentioned above was developed
further to explore anodes of liquid tin-lead and liquid tin-lead-bismuth alloys in battery
mode followed by direct oxidation of coal®. For the tin-lead alloy, performance
degradation (from 11.7 mW cm™ to 10.1 mW cm™) occurred within 13 hours, with an
increase in performance to 14 mW cm” when coal was introduced. The addition of

bismuth to tin-lead alloy decreased the overall anode effectiveness.
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2.3.5. Uncertainties and technological challenges of LMA
SOFC
With increased interest in LMA SOFCs most of the early studies had focused on the
operation of various LMA SOFCs in battery and fuel cell modes using various fuels.
Significant efforts have been made in optimisation of electrochemical performance via
replacement of anode materials (metals, metal-alloys), investigation of kinetics and

thermodynamics, examining the effect of electrolyte roughness, etc.

Prior to commercialization of liquid metal anode solid oxide fuel cells, greater
understanding of the electrochemical reactions, redox and transport processes within liquid
metal electrodes is needed”. The following research challenges are particularly highlighted:
the nature of oxidised species in liquid metal electrode media; transport of oxygen or
oxidized species in LME SOFC; reaction kinetics between oxide and fuel within liquid
anode; kinetics of oxygen transfer at liquid metal anode - electrolyte interface; oxygen
(oxide) diffusivity / transport through liquid metal layer and solubility of oxygen and fuels

in the melt.

As stated by Abernathy ef 4/, improvement of oxygen transport within liquid metal media
can be achieved by increasing oxygen solubility through alloying. Wetting characteristics of

liquid metal with the electrolyte and fuel oxidation kinetics also need to be considered.

Most of the work so far has been focused on the testing of single cells, which limits its
further application. In this regard, it would be beneficial to model the performance of LME

SOFCs stacks and prototypes based on derived design guidelines.

In order to be able to model and later design practical LME SOFC systems the information
on oxygen solubility and transport in liquid metals is essential as it is a central process that
may limit the performance of the fuel cell. Fundamental investigation of these interactions
within a liquid anode, as well as analysis of other physical metal properties with
temperature (e.g. vapour pressure, melting point, surface tension, contact angle, etc.) will be

beneficial in designing and building durable and stable fuel cells.

Other important factors requiring investigation include: aspects concerned with the
introduction of solid fuel into the melt; optimization of thickness of the melt; prevention
of unfavourable formation of metal oxide tending to result in blocking of the electrolyte;
fundamental studies concerned with transportation of the oxide from the generation zone
at the interface with the electrolyte to the reaction zone at the interface with the fuel
(relevant aspects include melt thickness, diffusion of oxidised species and convection in the
melt); effect and optimization (which may include surface structuring) of contact area

between the liquid anode and electrolyte.
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Engineering considerations include: matching of electrolyte composition to temperature of
operation; choice of electrolyte thickness based upon optimization between mechanical
properties and ionic conductivity; agitation of the melt; generation of suitable electrolyte
surface structures; cell design; scale-up of laboratory cells to pilot and then to commercial

plant.

LMA SOFCs are a highly efficient option for direct electrochemical conversion of solid
tuels into electrical energy. A range of possible metal anodes have been reviewed with tin,
the material on which most development work has been performed. Despite numerous
studies, the understanding of the reaction kinetics at liquid metal-fuel and liquid metal-
electrolyte interfaces, as well as oxygen diffusivity through the liquid metal layer needs

further systematic investigation.

2.4. Conclusions

In the previous sections of this chapter recent advances in SOFC technologies, as one of
the environmentally friendly and highly efficient options for direct electrochemical
conversion of fuel energy into electrical energy were presented. The main focus of this
review was to understand novel methods in SOFC technology using molten metals. The
metal that received the greatest attention was tin; therefore, the working principle and
operational conditions of Liquid Tin Anode SOFCs were addressed in detail. It was
concluded that theory concerning thermodynamics and reaction kinetics in liquid metal —
fuel and liquid metal-electrolyte media, as well as oxygen diffusivity through the liquid
metal layer needs further investigation. Furthermore, the main difficulties and uncertainties
associated with LTA SOFC and the ways they can be addressed are highlighted. Possible
incorporation of LME SOFC into Solid Oxide Electrolyser (SOE) was described briefly.
SOE offers simultaneous production of pure hydrogen gas and carbon monoxide via

electrochemical processing of carbon dioxide and steam.
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3. Experimental methods

and equipment

This chapter demonstrates the design and development of an experimental workstation and
electrochemical cells applied in LTA SOFC studies. The principles of electrochemical
characterisation techniques such as Linear Potential Sweep methods, Chronoamperometry,
Electrochemical Impedance Spectroscopy and Rotating Disc Electrode applied during this

research project are also summarised.
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3.1. Experimental workstation

A new experimental workstation for carrying out experimental work was designed and built
during the first year of the project. The workstation is shown in Figure 3.1 and comprises
the mass flow controllers (EL-FLOW, Bronkhorst UK Ltd., UK) (mounted on a board) to
maintain gas flow at the required set point up to 100 ml per minute (1.67 ml s™) for
hydrogen and nitrogen and up to 140 ml per minute (2.3 ml s™) for argon. All gases (BOC,
UK) used were zero grade purity of 99.998%, 99.995% and 99.999% for nitrogen,
hydrogen and argon respectively. Inline micron gas filters (Swagelok Ltd., UK) were

mounted on a board upstream of the mass flow controllers.

Gases were supplied under pressure of 4 bar from gas cylinders to the electrochemical cell
ina 1/4” (6.35 mm) OD tubing made of stainless steel, nylon, vinyl (PVC) (Swagelok Ltd.,
UK) as well as 4 mm OD, 2 mm ID silicone peroxide tubing (VWR International Ltd.,
UK). Stainless steel valves, T-connectors, compression fittings (Swagelok Ltd., UK) were

applied throughout the project to supply gases with minimum leakage.

The supply of fuel (typically a mixture of H,/N, or H,/Ar) direct into the liquid tin anode
was achieved using 4 mm OD 2 mm ID alumina tube open both ends. Because of the
delicacy of alumina material Teflon front and back ferrules (4 mm OD, Swagelok UK)

were applied with stainless steel union to fit to the stainless steel piping.
pp piping

An electrochemical cell was heated up to the required operating temperature in a MTF-10-
25-130 (normally horizontal) tubular furnace (Carbolite Ltd., UK) operated in a vertical
orientation. A K-type thermocouple (Omega Engineering Inc., UK) was placed parallel to
the cell to measure its temperature independent of the furnace temperature controller. The
readings from a thermocouple were recorded via a thermocouple data logger (TC-08 Pico
Technology, UK) connected to a PC. Temperature data were recorded using a LabVIEW

based software code written and used with the thermocouple data logger.
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1. Mass flow controllers 6. PC Monitor
mounted on a board

2. Electrical furnace (held in 7. Schott water bottles
vertical orientation) and
controller

3. Electrochemical cell 8. Extractor

4. Potentiostat 9. Power supply for mass flow

controllers

5. Thermocouple Data Logger

Figure 3.1 Experimental workstation.

An electrochemical cell was placed in the central part of the furnace and held from the
outside of the furnace with laboratory clamps. Such positioning was necessary because, in
accordance with the temperature profiles measured (refer to Appendix A), the maximum
and uniform temperature region of the tubular furnace was located in the centre of the

furnace.

Electrochemical measurements were made using an IviumStat potentiostat (Ivium
Technologies B.V., The Netherlands). The unit has a potential range of +10 V and a
current range of 5 A to 1 pA. The unit was used to control the voltage generated by the
system (in a fuel cell mode) and measure the current (potentiostatic mode). Furthermore,
the losses from the wires were accounted through the reference and sense electrodes.
Electrochemical Impedance Spectroscopy measurements were performed using the

IviumStat potentiostat.

The initial workstation shown in Figure 3.1 was modified throughout the project

depending on various research objectives. As a result, each experimental chapter in this
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thesis provides a list of changes made to the original workstation, as well as detailed

schematics of the particular experimental rig applied.

A schematic of the generic experimental rig employed most frequently (see Chapters 6,7,8
and 9) is shown in Figure 3.2, which demonstrates the final design of the rig station after

considering the sizes and compatibility of the equipment.

According to Figure 3.2, dry or humidified argon was supplied to the oxygen sensor (Kent
Industrial Measurements, UK) after which it was mixed with hydrogen and supplied to the
cell held at operating temperature by an electric furnace. The oxygen sensor was added to

the original rig to monitor the oxygen concentration in the flow to the main cell.

Water bottles placed at two different locations in the experimental rig (Figure 3.2) were
used for two different purposes. The humidification of gases was achieved using the first
two bottles; the other two bottles located downstream of the fuel cell were necessary to
check that the system had no leaks and furthermore, stopped the diffusion of air (oxygen)
back into the fuel cell. After exiting the fuel cell, the supplied gas bubbled through the

water bottles providing an indication of positive pressure within the system.

Note that an empty bottle was incorporated into each line to ensure that water could not
be sucked back into the fuel cell. Such an event could be catastrophic potentially causing

cracking of a ceramic tube.

Water Bottles
K N Oxygen v
sensor
H,/Ar in
) H,, H,O/Ar out )
< Working electrode
To s/ (WE)
extraction

Water Bottles ! ‘
Thermocouple & %
.
& 4
A &
Reference & 8
electrode (RE) 2 %
i \'_' &
KEY .
= i
I i

D i '

Ball valve Filter ~ Mass Flow Controller Three Way Valve Counter electrode (CE)

Figure 3.2 Schematic of experimental rig used for fuel cell testing.
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3.2. Electrochemical cell
Experimental work undertaken throughout this project varied significantly. Therefore
several working cells were developed, depending on the primary aim of their operation:
symmetrical cell (used for operation of yttria-stabilised zirconia (YSZ) tube as oxygen sensor

and to measure its ionic conductivity); fue/ cell (electrochemical cell for testing of

performance of LTA SOFC).

3.2.1. Symmetrical cell
In order to investigate ionic conductivity of the YSZ material (chosen for its good
conductivity at high temperatures) with temperature two symmetrical cells were prepared.
The first one was used in potentiometric measurements and operation of YSZ tube as an
oxygen sensor. The second one was used to measure ionic conductivity of YSZ material

using Electrochemical Impedance Spectroscopy (EIS).

The first symmetrical cell (Figure 3.3a) was made of 10 mm OD 8 mm ID 120 mm long 10
mol.% YSZ (10YSZ) tube, closed at one end, with two platinum electrodes on the outer
and inner sides of the tube. Platinum wires were attached to each electrode for electrical
connection. The method for preparation of Pt electrodes is provided in Section 3.2.3. The

: 2
average electrode active area was 0.79 cm”.

The second symmetrical cell was made of 6YSZ tube specifically for EIS measurements
and had a greater and more defined electrodes area of 1.30 cm’ with an electrolyte
thickness of 0.5 cm (Figure 3.3b, c). Attached Pt wires were held in 5 mm OD two-bore
alumina tube (Multi-Lab Ltd., UK) (open both ends) to provide electrical isolation and

minimise inductive effects at high frequency during the EIS measurement.

Figure 3.3 Symmetrical cell: (a) 120 mm long 10YSZ cell for potentiometric measurements; (b) 6YSZ
symmetrical cell for EIS measurements (front view) and side view (c).
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3.2.2. Fuel cell

Prior to fabricating actual fuel cells to be used at high temperatures (> 800 °C) it was
essential to make a robust design of the electrochemical cell. The 3D design of the cell was
completed using CAD Rhinoceros 4.0 software (Figure 3.4). The working cell consisted of
a closed-end 8YSZ tube (Dynamic-Ceramic Ltd., UK). The 8YSZ tube was used as a vessel
to contain the liquid metal anode, current collector to the anode, alumina tubes for fuel
inlet and exhaust, all held using a pyrophyllite (machinable ceramic) holder. Counter and
reference platinum electrodes were painted on the outer side of YSZ tube at a later stage

(cell preparation) and are not shown in the basic cell design.

(a) Fuel cell (b) Pyrophyllite holder

Outlet alumina tube

Inlet alumina tube

Glassy carbon rod
(current collector to WE)

8YSZ crucible ——
(container for liquid tin)

Figure 3.4 The 3D design of the fuel cell (a): closed end YSZ tube with fuel inlet, exhaust and cutrent collector
and pyrophyllite holder (b).

The heating zone inside the employed furnace was relatively short (ca. 140 mm). And the
temperature profile inside that zone was found to be uniform only in the limited central
part (refer to Appendix A). Therefore a separate K-type thermocouple was placed next to
the YSZ tube for accurate temperature determination. As a result, the initial holder design
was modified from that in Figure 3.4 to that in Figure 3.5, where the pyrophyllite holder

was re-designed to accommodate an additional alumina tube for the thermocouple placed

parallel to the main cell.

Figure 3.5 illustrates how all the parts of the cell were assembled together, where the YSZ
tube cell is shown transparent to demonstrate at what levels the inlet, outlet tubes and
glassy carbon rod were placed inside the YSZ tube to provide sufficient bubbling into the

liquid tin and good electrical contact with the tin.
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Pyrophyllite holder Inlet and outlet
alumina tube

Alumina tube
for K-type thermocouple

I

Current collector
to WE

Liquid tin anode

Figure 3.5 Updated fuel cell design with YSZ thermocouple placed parallel to the vessel.

3.2.3. Fuel Cell components
Electrolyte
The 8 mol.% yttria-stabilised zirconia (8YSZ) solid electrolyte was chosen due to its ability

to operate at high temperatures and has been shown to have good mechanical strength and
oxygen ion conductivity of 0.13 S cm™ at 1273 K”.

In order to minimise the ionic resistance, the electrolyte thickness is usually in the range of
50-1000 um™. As one of the main objectives of this study is to clarify transport of oxidised
species within the liquid anode and not to maximise the fuel cell performance, the
electrolyte thickness chosen for this project was 2000 um in order to contain the molten

anode (around 25-30 g) safely and securely.
Working electrode (Anode)

Tin was chosen as the anode material for this project due to its low melting point (232° ®)
and low vapour pressure. Tin shots of 3 mm dia., 99.99+% (metals basis) (Alfa Aesar, UK)

were used. Once it is melted at ca. 240 C it can be immediately used as a liquid anode.
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Counter and Reference Electrodes

A platinum electrode was chosen as the cathode, as it has high electrical conductivity and
high catalytic activity for the oxygen reduction reaction’. Glass-free Pt ink (4082 Pt Vitr-
Au-Less Conductor, Ferro Electronic Materials) was applied to the outer side of the YSZ
tube followed by its sintering at 1000 'C for 1 hour at a ramping rate of 10 C per minute.
Pt mesh (10 mm diameter, Goodfellow Cambridge Ltd, UK) with spot welded Pt wires
(0.25 mm diameter, 99.9% Pt, Peak Sensors Ltd) on it were attached with additional ink to
cured platinum and sintered again under the same conditions to achieve good electrical

conductivity across the whole surface.

A reference platinum electrode was placed 10 mm up from the bottom of the YSZ tube
symmetrically around the tube. Attachment of Pt wire to the reference electrode was
difficult to achieve and for that reason a groove was cut 0.5 mm deep around the outside
of the ceramic tube to hold the wire in place. The wire was then twisted and fired at 1000
°C as described above.

Accurate location of the reference electrode is well established for aqueous electrochemical
systems and can be less trivial in the systems with thin solid electrolytes”. Minor errors in
alignment of RE with respect to WE can create significant errors in measurement of the
working electrode™ particularly when rapid changes in potential are involved. In the
present work the geometry of the symmetrical RE was similar to others used typically in

89,94

the literature whereby the RE was adjacent to CE and therefore is considered to be

suitable for this study.
Interconnects

Platinum wires together with Pt mesh were used for the electrical connections necessary
for the operation of the cell. The wires of the mesh itself had a diameter of 0.06 mm and

the mesh was 10-15 mm diameter with an open area of 65%.

A dipping glassy carbon rod was used as an electronic contact to the working electrode
(anode). It provided good electrical connections with the cell with an average electrical
resistance of the glassy carbon rod of 9 Ohms. The employment of glassy carbon as
current collector was one of the achievements of this work. The applied GC rod showed
no deterioration after numerous uses in fuel cell testing (at 800 °C under wide range of
oxygen partial pressures). Unlike other metallic contacts it does not alloy with liquid tin at
800 °C”". Glassy carbon, according to the supplier’s specifications”, shows no wetting by

metallic and ceramic melts and is extremely resistant to thermal shock.
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Fuel cell holder

The cap for the cell is made of Ceramit 14, an industrial name of the machinable mineral —
pyrophyllite which possesses the properties of fired ceramics after heat treatment (firing),
high thermal and mechanical stability, high dielectric strength, etc. Before the firing
pyrophyllite is readily machined (milled, drilled or cut). Machining of a pyrophyllite cylinder
was done using a computer numerical control (CNC) machine, applying precise dimensions
according to the design made in Rhinoceros 4.0 CAD software taking into account volume
contraction of material of around 1.0% on firing. It was then fired at 1400 °C for 1 hour at
ramping rate of 1 °C per minute to achieve high chemical and thermal stability for later use

at high operating temperatures.

The summary of the dimensions of the main fuel cell components with their purpose of
use, chemical composition and commercial suppliers is presented in Table 3.1.

Table 3.1 Description of the parts a fuel cell.

Purpose of use / Dimensions Source

Material

Composition

Electrolyte — closed one
end 8YSZ tube

Fuel inlet and exhaust —
alumina tubes open both
ends

Liquid metal anode- tin
shots

Cutrrent collection to WE
- glassy carbon rod

Counter and Reference
electrode —platinum ink

Interconnects-platinum
witre
Interconnects-platinum
gauze (mesh)

Ceramic holder-
pyrophillite cap
(AL,044S10,H,0)

Detection of metallic
foam- silica tube

19 mm OD, 15 mm
1D, LG 210 mm

8 mol. % Y,0,

4 mm OD, 2mm 1D
of various lengths

99.7% ALO,

3 mm diameter 99.99+% (metals

basis)
3 mm OD, n/a
LG 250 mm
n/a Not less than 70%
Pt by weight
0.25 mm diameter 99.9% Pt
Aperture 0.25 mm; 99.9% Pt
wire diameter 0.06
mm
60 mm OD cylinder silica 56.8%
with 20 mm height Alumina 33.37%

Ferric oxide 0.79%
Titanium dioxide
2.42%
Magnesium oxide
0.24%
19 mm OD, 15 mm Si0O, 99.99%
1D, LG 210 mm

Dynamic-Ceramic
Ltd., UK

Multi-Lab Ltd, UK

Alfa Aesar, UK

HTW
Hochtemperatur-
Werkstoffe GmbH,
Germany
4082 Pt Vitr-Au-
Less Conductor,
Ferro Electronic
Materials, US
Peak Sensors Ltd,
UK
Goodfellow
Cambridge Ltd., UK

Ceramic Substrates
& Components Litd,
UK

Cambridge
Glassblowing Ltd.,
UK
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The ready-assembled fuel cell set-up that was applied in experimental work described in
Chapter 6, 7, 8 and 9 is shown in Figure 3.6.
H,/Ar in
H,,H,0/Ar out I Glassy carbon rod

/" (anode current collector)
Pyrophyllite cap

Electrical
furnace

Thermocouple

Liquid tin anode 8YSZ tube

(WE)

Pt reference
electrode(RE) |

Pt cathode (CE)

Figure 3.6 Schematic of a fuel cell used for electrochemical characterisation of LMA SOFC (held in furnace).

3.3. Methodology

Operating conditions used for testing the performance of the LTA SOFC are summarised
in this section. Any additional changes to working conditions with regards to a specific

experiment are listed separately in every chapter of this thesis.

The LTA SOFC was operated in battery and fuel cell modes under flow of inert gas (N, or
Ar) to eliminate any oxygen leak to the anode and held at temperature >700 °C (typically at
780-800 °C) to reduce ionic resistance of solid electrolyte tube (8YSZ). The system was
heated from room temperature up to the desired temperature (800 °C) at a ramping rate of
5 °C min"' and likewise when cooled down to room temperature. This condition was
necessary to avoid thermal shock of the components which can induce cracking of
materials used in the rig. Any inevitable leak of oxygen was detected using a potentiometric

sensor that was measuring O, concentration in the piping leading to the fuel cell.

During electrochemical characterisation of LTA SOFC, electrical connection from the
anode was connected to the working electrode (WE), platinum paint on the outer side of
the 8YSZ tube was connected as the counter electrode (CE) and a platinum ring electrode

was connected as the reference electrode (RE) to the potentiostat.
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3.4. Experimental Methods: electrochemical

techniques

This section briefly describes the theoretical principles of the experimental techniques that
were applied to characterize the performance of the electrochemical system of interest —

LTA SOFC fueled with hydrogen.

The electrochemical characterization techniques were applied to provide details of the
thermodynamic and kinetic aspects of the system based on the applied potentials and

measured currents.

For investigation of the processes occurring in LTA SOFC the following electrochemical

techniques were applied:

e Potential sweep methods
e Chronoamperometry
e FElectrochemical Impedance Spectroscopy

e Rotating Disc Electrode

Note that the Rotating Disc Electrode (RDE) theory was applied to analyze an inverted
system — Rotating Electrolyte Disc, which differed from standard hydrodynamic aqueous

systems in many aspects (see Chapter 10 for more details).

3.4.1. Potential sweep methods
In potential sweep techniques, such as Linear Sweep Voltammetry (LSV) and Cyclic
Voltammetry (CV) the electrode potential is swept linearly with time between two chosen
values, while current is continuously recorded. Potentials at which species are oxidised or
reduced are registered as current peaks on the voltammogram. The range of a potential
scan is typically chosen so that the initial potential (E;) has no electrochemical activity,
whereas at final potential (E,), the reaction is governed by mass transport™. During LSV
the potential scan stops at a final potential E,, while in CV, when final potential is reached,
the sweep is then reversed back to E, (or a different potential) and this counts as one cycle.
During CV numerous cycles can be run. The advantage of CV is the ability to identify
redox couples. The cyclic voltammogram produced characterizes the individual reaction

. . . .« . (s
mechanism and kinetic conditions™.

3.4.2. Chronoamperometry / Chronopotentiometry
Chronoamperometry and chronopotentiometry are commonly used electrochemical
techniques that allow the observation of the current-time or voltage-time behavior of

electrochemical system after potential or current step, respectively. In chronoamperometry
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the potential of the electrode is held constant for a certain time period, while current is
determined as a function of time. In the reverse process, constant current is applied
between working and auxiliary electrode, while potential is measured with time between
working and reference electrodes”. In the present work, chronopotentiometry is useful to
study kinetics of an electrochemical cell reaction at a desired voltage. Durability and

stability of the system can also be evaluated using this method.

3.4.3. Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) is one of the most powerful techniques for
investigation of electrochemical systems as it is capable of separating out different

mechanisms occurring with different time constants™!%1%2,

EIS is widely applied for fuel cells diagnosis® as it provides insight into different
phenomena comprising the overall electrochemical process. The EIS measurements are
typically performed in a large frequency range (usually from high frequency to low
frequency, typically from 107 to 10" Hz) at which certain processes with different time-
constants can be observed and distinguished. For instance, electronic conduction and
electrochemical kinetics are relatively faster processes than diffusion (mass-transport)

phenomena and hence can be monitored and evaluated separately via EIS.
In EIS the system under investigation is perturbed with sinusoidal voltage oscillations:

V(t) = V,sin(wt) (3.1)
and the resulting current from the system is recorded accordingly as follows:

I(t) = Iysin(wt — @) (3.2)
where w is the angular frequency, @ is the phase difference between voltage and current

signal, V;,, and I;; are the amplitudes of voltage and current, respectively.

The impedance is defined as the ratio between the output and input signal measured at any
particular frequency. When current perturbations serve as input signal and voltage output is

recorded the obtained impedance, Z (iw), is formulated by:

. u(t) , .
Z(iw) = m = |Z|e!? = Zpo + iZ1,

where Zpe and Zj,are the real and imaginary parts of the impedance and j = v—1. If

(3.3)

voltage is oscillated and current is measured, the resulting transfer function is called

admittance, Y (iw), and expressed as the inverse function of impedance:

1 3.4
Y(la)) = m = YRe + lYIm ( )

57



Experimental methods and equipment

The impedance data can be represented in a form of a Nyquist plot, where —Z},, is plotted
vs. Zpe or Bode plot, where magnitude of impedance |Z| and phase ¢ are shown vs. log (f),

where fis the measuring frequency.

The measured EIS data needs further interpretation using an equivalent electrical circuit
that has an identical response to the measured system of interest and comprises a series of
resistances, capacitances or inductances. The physical meaning of each element in the
circuit should correspond with a particular process that occurs in the overall
electrochemical system. The values calculated for circuit components can provide details

for better understanding of the electrochemical systems'""'".

EIS is a useful tool that allows electrical properties of materials, and their interfaces with
electronically conducting electrodes, to be explored. It has been widely used to investigate
different electrochemical processes: charge transfer of ionic or mixed-ionic conductors,
semiconductors, corrosion processes, investigation of coatings on metals, characterisation

of materials and solid electrolyte as well as solid-state devices'"™.

It is worth mentioning that interpretation of impedance results is as important as
experimental performance and accuracy. This is not a trivial procedure and depends on

many factors relevant to that particular electrochemical system.

3.4.4. The Rotating Disc Electrode
The Rotating Disc Electrode (RDE) is one of the commonly used hydrodynamic
techniques for analysis of electrochemical systems involving movement of electrode with
respect to the bulk solution. It has been commonly used to study electrode reaction
kinetics'> """
The RDE theory resulted from the development of mathematical models based on the
solution of the convective-diffusion equation, considering hydrodynamic boundary layer

from the Navier-Stokes equation and other geometric equations107

. The velocity profile of a
fluid (bulk solution) near a rotating electrode was developed by von Karman and Cochran

solving the hydrodynamic equations under steady-state conditions”.

The rotation of the electrode is determined via the angular velocity term, w, which is a
rotation rate parameter:

w = 2nf (3.5)
where /- is frequency (number of revolutions per second).
As rotation of the disc increases, the hydrodynamic boundary layer is dragged by the

centrifugal force of the spinning disc away from the centre of the electrode in the radial
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direction, as shown in Figure 3.7a. A three-dimensional view of the flow is given in Figure

3.7b. This results in laminar flow of solution towards and across the electrode surface”.

Figure 3.7 Hydrodynamics profile of a rotating disc: (a) streamlines in solution; (b) coordinate system used in
calculation (solid arrows denote the streamlines)!08,

The reactant transport from bulk solution to the electrode surface is dominated by
diffusion across a thin layer of solution adjacent to the electrode, which is known as the
diffusion layer. The thickness of this layer is controlled by the angular velocity of the
rotation, w. The greater the angular velocity the thinner the diffusion layer will be and vice
versa. An important feature of the system is that the surface of the electrode is uniformly
accessible so that the diffusion layer thickness (dependent upon rotation speed) is constant

across the surface.

The flowrate of the solution is governed by angular velocity and can be modeled
mathematically. The RDE can therefore control the flux of solution (reactant species) via
rotation speed, and can be used to quantify the kinetic constant for the rate-determining

Stepl()7.

The potential of the working electrode is scanned within a certain range, where reaction
starts to occur. The measured current is then referred to the kinetics of the electrochemical
reaction occurring and mass-transport of the reactants. Eventually diffusion limiting
current is observed by way of a plateau when the applied potential is high enough and the
reaction rate is determined by diffusion (mass transport) at a given rotation speed. This

diffusion-controlled current, iy is expressed by the Levich equation'”:

2 1 1
ig = 0.62nFAD3w2v 6C (5-6)

where, 1 is the number of electrons transferred, F is the Faraday constant, 4 is electrode

(disc) surface area, D-is diffusion coefficient, v is kinematic viscosity of bulk solution given

by ratio of viscosity of solution to its density, and C is the concentration of analyte in bulk

solution.
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Levich Analysis

When a series of voltammograms is obtained over the range of different rotation rates
(from lowest to highest), and the rate of reaction is controlled by diffusion of reactant to
the electrode surface, the magnitude of currents in the voltammograms normally increases
with the square root of the rotation rate. The measured limiting currents are usually plotted
vs. the square root of the rotation rate on a graph called a Levich plot. As predicted by the

Levich equation, the limiting current, iy, increases linearly with square root of the rotation

1 2 1
rate, Wz, with the slope of 0.62nFAD3v (. The diffusion coefficient of species in the
bulk solution (electrolyte) can be determined from the slope. The Levich equation is usually

rearranged to the following equation:

1 1 _ 3.7
— = w

i 2 1
d 0.62nFAD3v 6C

N =

Koutecky-Levich Analysis

When the rate of reaction is limited by both mass transport and kinetic processes (e.g. at
reaction onset), the RDE technique allows kinetic information (such as standard rate of
reaction) to be separated from mass transport (e.g. diffusion coefficient). The kinetic

. 109
current is expressed by'”:

where kf is the rate constant and is a function of the potential. Then the overall current

measured over the entire potential window is given by the Koutecky-Levich equation'”:

1 1 1 1 1 (3.9)
- =—+—=—+ T 1

ole o W geonFAD3wzv6C

A plot of reciprocal current versus the reciprocal square root of the angular rotation rate is
called a Koutecki-Levich plot, which yields a straight line with an intercept equal to the
reciprocal of kinetic current. Kinetic current is observed when there are no mass transport

limitations.

3.5. Conclusions
The details of the development of the experimental rig are given. Various types of working
cell were developed and applied in accordance with primary objectives. As such,
symmetrical cells were made for potentiometric and EIS measurements that could provide

information on the ionic conductivity of the YSZ material applied in this project as the
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electrolyte. The fuel cell was developed for testing the performance of LTA SOFC fuelled

with hydrogen. Details of fuel cell components were given.

A brief description of the applied electrochemical characterisation techniques was also
provided. In particular, linear sweep potential, chronoamperometry and electrochemical
impedance spectroscopy were presented. The application of the Rotating Disc Electrode
(RDE) technique normally applied to liquid electrolyte systems is exceptionally important
for the development of the inverted system, Rotating Electrolyte Disc (RED) technique,

appropriate to systems with solid electrolytes.
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4. Preliminary testing

This chapter describes the results of preliminary testing of the developed workstation along
with the equipment and materials that are applied for the main experimental work. Testing
of the furnace performance and calibration of the mass flow controllers has been done in
the first instance. This is followed by the testing of conductivity properties of the
electrolyte material chosen for this project, yttria-stabilised zirconia (YSZ). For this work
the symmetrical YSZ cell was applied as a potentiometric oxygen sensor. A good
correlation between experimental data and theoretical response for concentration of

oxygen was found for the applied range of gas flow rates.

Then, ionic conductivity of YSZ was tested, applying a voltage from -1.0 V to 1.0 V and
monitoring a current response. The procedure was repeated with increasing operating
temperature. This resulted in the highest current density at 800 °C and from that it was
confirmed that operation of the fuel cell at around 800 °C was described in order to get

sufficient conductance of electrolyte.

For more accurate and precise calculation of ionic conductivity of YSZ, EIS was applied to
a second symmetrical cell (made of 6 mol.% YSZ). From the high frequency intercept of
the impedance semi-circle, the bulk resistance of the electrolyte was found for the
temperature range from 300 to 1000 °C. It was found that the conductivity trend followed
the well-known Arrhenius relationship and was in close agreement with the literature. Ionic

conductivity of 6 mol.% YSZ was found to be 6.58 X 10°S em™ at 1000 °C.

Finally, once all the materials and equipment were tested separately, a measurement of the
ready-assembled LTA SOFC cell was accomplished via OCP measurements with
temperature. Experimentally-determined OCP was in accordance with that predicted by
thermodynamics and demonstrated the readiness of the whole rig and each component for
precise electrochemical characterisation of LTA SOFCs. It also demonstrated the stability

of the glassy carbon rod used as the anode current collector.
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4.1. Introduction
It is essential to test and validate the experimental rig prior any actual electrochemical
characterisation of LTA SOFC. Equipment and materials selected for this project require a
check to ensure operation in a safe and proper manner. Therefore, this chapter describes
the results of preliminary testing of the equipment and materials to be utilised extensively

during the project.

As part of the testing of materials, a potentiometric measurement involving the application
of a symmetrical YSZ cell as potentiometric sensor was performed. To investigate the
overall conductivity of symmetrical cell as a function of applied potential and temperature,

a linear sweep (from -1.0 to 1.0 V vs. air reference) was applied.

The resistance of a solid electrolyte contributes significantly to the overall resistance of an
SOFC. Hence, to investigate and measure ionic conductivity of the electrolyte itself EIS
was applied to a symmetrical 6 mol.% YSZ cell. Resistivity data (from the impedance

diagrams) enables calculation of conductivity at a specified temperature.

The final check of a ready assembled fuel cell and its components is the measurement of
open circuit potential of a cell (OCV). A correct reading (corresponding to
thermodynamics predictions) is an indicator for the proper operation of the whole rig and

individual parts of it.
4.2. Background

4.2.1. Potentiometric measurements of oxygen
concentration using YSZ
One of the common applications of YSZ material is the measurement of oxygen partial
pressure, whereby YSZ is operated as a potentiometric gas sensor' ™', Potentiometric

zirconia sensors can measure oxygen pressure over a wide range from 10° to 10% Pa''"%,
The potentiometric YSZ cell with two metal (typically platinum or silver) electrodes is
typically expressed as follows:

O, (p,), Pt | O” conducting electrolyte (YSZ)| Pt, O, (p,)
The electrode reaction is:

0, + 4e~ & 20" (4.1)

111

Assuming reversibility  of Reaction (4.1) the cell develops an electromotive force (EMF)

between two metal (Pt) electrodes, which is given by:
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= () fp " tiond(in p) 2

where 7,,1s the transport number of the mobile ion, 7 is number of electrons transferred

during reaction, p, and p, are the partial pressures of oxygen on both sides of the electrolyte

and R, T'and F have their usual meaning.

Solid electrolytes generally have low electronic transport numbers, so 7 ,,1s close to unity

and hence Equation (4.2) rearranges as follows:

RT .
5= K0 (2) 4
4F D>
Or:
_ RT P1 (4.4)
E =2.303 iF log <Pz)

Usually one of the gases in oxygen sensors has known oxygen partial pressure, p, acting as a
reference gas, while the other is the sample gas with oxygen partial pressure, p,. Therefore,

Equation (4.3) can be applied in the following form:

RT .

: RT
where E, is a constant of value of — (E)ln Do

The reference gases are usually pure oxygen (p,=1 atm) and air (p,= 0.21 atm). In the
experimental set up the reference gas was ambient air, and a mixture of nitrogen and air
was used as the sample gas mixture. The partial pressure of the oxygen was controlled with

mass flow controllers for N, and air accordingly.

4.2.2. Tonic conductivity of YSZ electrolyte
Section 2.2.7 in the literature review (Chapter 2) provides the details of ionic conductivity
of YSZ material among other solid electrolytes. It also explains the mechanism for transfer
of charged species, which are oxygen ions, O”. Ionic conductivity of YSZ improves upon
increasing the operating temperature'”’. Therefore it can be expressed with Arrhenius

relationship114 as follows:

_ 0y ( Ea> (4.6)

where ¢ is the ionic conductivity, g, is the pre-exponential factor, T is the absolute
temperature, E, is the activation energy, £ is Boltzmann’s constant.
Arrhenius relationship predicts linearity between measured conductivity data, In(¢s1) and

reciprocal of temperature, 7/7T.
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4.3. Experimental procedure

All primary investigations, including the operation of the 8 mol.% YSZ symmetrical cell as
an oxygen sensor, measurement of its conductivity, etc. were performed in a workstation
shown in Figure 4.1. The operating conditions varied from the conditions required for the
main fuel cell studies that involves electrochemical characterisation of the liquid tin anode

SOFC.

\ 4

i

N,/Air in
Counter + Reference
N, /Air out electrodes

< (CE + RE)
To T v/
extraction

Water Bottles

Thermocouple

KEY | m—
=g xR R
Ballvalve  Filter ~ Mass Flow Controller Three Way Valve Working + Sense electrodes

(WE+SE)

Figure 4.1 Schematic of experimental rig used for oxygen sensor testing.

4.4. Results and discussion
It was necessary to ensure that equipment was well-connected, in line with other laboratory
stations (e.g. laboratory gas supply system, extraction system, etc.). Therefore the
developed experimental rig for LME SOFC was tested prior to any work that involved high
temperature, H, gas evolution, etc. The overall testing consisted of the following mini-

steps:

- Testing and calibration of the furnace (set up of the ramping rate, testing of
thermocouple accuracy, defining of the temperature profile inside the furnace, etc.);
- Testing and calibration of mass-flow-controllers;

- Leak check for all the gas connections.
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4.4.1. Potentiometric measurements
In the applied experimental set up (Figure 4.2a) the reference gas was ambient air and
hence remained constant, while the sample gas was made of a mixture of nitrogen and air.
Varying the flow rates of nitrogen and air, and hence p,(O,), the EMF across the
symmetrical cell (assuming constant value of p, of 0.21 atm) was measured and compared
to the value predicted by the Nernst equation (Equation (4.4)). A 10YSZ symmetrical cell
(Figure 4.2b) (full details of the cell were given in Section 3.2.1, Figure 3.3a) was held in the
central part of the electrical furnace and was heated to 700 °C. The flow of a gaseous
mixture (N,+air) supplied to the inner electrode of YSZ was controlled with mass flow-
controllers and varied from (1% air to 100% air). The outer side of the tube was left
exposed to the ambient air with p,(O,) of 0.21 atm. The outer electrode was connected to

the working electrode (WE) terminal, while the inner one — to the counter (CE).

Sample gas: N, / Air
CE/RE .—pgl 2

10YSz
symmetrical cell

L

Pt electrodes
WE+ SE T
(a) Reference gas (air)

Figure 4.2 Schematic of experimental setup for potentiometric measurements (a) with 10YSZ symmetrical cell
(b).

The experimentally measured and calculated EMF data obtained at 700 °C is shown in

Figure 4.3. Overall there is a good agreement between the measured EMF values and

theoretical data calculated using Equation (4.4). Good correlation between experimental

and theoretical data provides confidence that the 10YSZ cell was a reliable and accurate

sensor and the gas flow valves were operating correctly.
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Figure 4.3 Theoretical (using Equation (4.4)) and experimental EMF developed by the symmetrical cell.

4.4.2. Ionic conductivity of YSZ measured as a function of
applied potential
A relatively quick and simple measurement of solid electrolyte conductivity can be done by
application of a voltage across two electrodes at both sides of the electrolyte and measuring

the current response with step changes in operating temperature.

In order to validate sufficient ionic conductivity of chosen electrolyte material, its
conductivity was tested as a function of applied potential and operating temperature. The
recorded current is then an indication of ionic conductivity of electrolyte. For that the same
symmetrical cell (Figure 4.2b) made of 10YSZ tube and two platinum electrodes described

in details in Section 3.2.1 was held in the electrical furnace.

A linear sweep of voltage between -1.0 V to 1.0 V was applied at temperatures from 500 to
800 °C (connection were as shown in Figure 4.2a). The obtained results in Figure 4.4
demonstrate an increase in 10YSZ conductivity with temperature, as expected from the
literature. At 800 °C there was a substantial increase in current density due to increased
mobility of charges (O%) in the ceramic (Figure 4.4). The estimated accuracy of measured
currents is + 50 pA. The obtained data also confirmed the typical operating range for YSZ
(ca. >700 °C for 8-10 mol.% YSZ), as below 700 °C currents were small due to low

conductivity of YSZ.
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Figure 4.4 Current — voltage characteristics that includes ionic conductivity of 10YSZ and overpotential on each
Pt electrodes.

The above results were complemented and confirmed using the EIS technique as described

below under Section 4.4.3.

4.4.3. Ionic conductivity of YSZ using EIS technique
The next set of experiments was designed to explore the ionic resistivity of the YSZ solid

electrolyte using EIS.'""1

As conductivity (reciprocal of resistivity) of solid electrolytes
increases with temperature, the impedance measurements were performed over a wide
range of temperature (from 300 to 1000 °C) with applied potential of 0 V and 10 mV AC
perturbation over the frequency range from 0.01 Hz to 10 kHz. The symmetrical cell, made
of 6YSZ with two Pt electrodes with overall electrode area of 1.30 cm® and 0.5 cm
thickness, was used. More details are given in the previous Chapter (see Section 3.2.1;

Figure 3.3b). The obtained EIS spectra are shown in Figure 4.5 for the low temperature
range (315 - 422 °C) and in Figure 4.6 - for the high temperature range (722 - 1000 °C).
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Figure 4.5 Measured EIS data: at 315 - 422 °C frequency sweep: 10 kHz to 0.01Hz, 10 frequencies per decade,

Voltage: 0 V, amplitude of oscillations: 10 mV.
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Figure 4.6 Measured EIS data at 722, 890 and 1000 °C, frequency sweep: 10 kHz to 0.01Hz, 10 frequencies per
decade, Voltage: 0 V, amplitude of oscillations: 10 mV.

The obtained results were interpreted in accordance with commonly used SOFC
impedance models reported by several studies''*"*"*". The overall impedance for SOFC
systems comprises the bulk electrolyte impedance (Z,), grain boundary impedance (Z,) and
electrode impedance (Z)*. In some studies relevant to impedance scanning of LSM-YSZ
systems it is argued that at least two overlapping arcs should be expected, corresponding
with two processes such as bulk or surface diffusion/adsorption or exchange of oxygen

and transfer of chargem.

The expected bulk and grain boundary arcs can cleatly be seen only at 315 °C (Figure 4.5).
The bulk resistance was represented by the first arc at high frequency, while the second arc
at high frequency was attributed to the grain boundary resistance. When the temperature

was increased, the grain boundary arc diminished and it disappeared at significantly higher
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temperatures. Hence, the other complex impedance plots obtained at higher temperatures
(722 - 1000 °C in Figure 4.6) show only one overall depressed arc for all three types of

resistances.

From the obtained impedance plots (movement of semi-circles towards the origin), and in
general reduction in sizes of the arcs, indicates the reduction of the bulk YSZ resistance

with increase of temperature.

High frequency intercept of the impedance arc on the real impedance axis provides the

122,123

value of the resistance of electrolyte , ohmic resistance values are listed in Table 4.1.

Table 4.1 Ohmic resistance values for 6 mol. % YSZ symmetrical cell (Pt electrode area of 1.30 cm?) with
temperature.

Q jic / K2 T /°C T/K
23.2 316 589
3.94 405 678
2.50 422 695
0.73 483 756
0.65 492 765
0.14 588 861
0.03 722 995
9.34 x 10° 890 1163
5.87 X 10° 1000 1273

These data were used to calculate ionic conductivity of 6 mol.% YSZ electrolyte. The
natural logarithm of ionic conductivity of 6YSZ is plotted against reciprocal of temperature

in accordance with Arrhenius equation (Figure 4.7).
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Figure 4.7 The electrical conductivity of 6 mol. % YSZ cell as a function of reciprocal absolute temperature.

A straight line was achieved, which confirms the expected Arrhenius behaviour between
measured conductivity and the operating temperature. The slope from Figure 4.7 revealed
the value of activation energy, Ea, for 6 mol.% YSZ sample, which was found to be 0.90

/122

eV. This result is in a good agreement with the one obtained by Arachi e 2/~ who
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reported an activation energy of 1.0 eV for 6 mol.% YSZ for the similar temperature range
of 350-1000 °C. These results are consistent with a recent study by Zhang et a/.'", where
for 8 mol.% YSZ activation energy was reported 0.85 eV in the temperature range of 700-
1000 °C.

The conductivity values for some zirconia-based electrolytes including those measured at
UCL in the present work are summarised in Table 4.2. From the findings it is clear that 6
mol.% YSZ electrolyte has inferior conductivity to 8 mol.% YSZ, and hence the latter is
preferred for electrochemical work, although 6 mol.% YSZ possesses greater toughness.

Therefore in the final design of LTA SOFC, an 8YSZ tube was used.

Table 4.2 Conductivity values of YSZ electrolytes measured and given in the literature.

Source Y,0; content in ZrO, 6 at 1000 °C / x 102S cm™
UCL (present work) 6 mol.% 6.58
Yang et al.'* 7.5 mol.% 6.67
Arachi et al'” 8 mol.% 14.0
Badwal”’ 8 mol. % 13.7

4.4.4. Open circuit potential of LTA SOFC
A fuel cell set-up developed previously for LTA SOFC studies (Figure 3.6) was heated
from ambient temperature to 800 °C at the ramping rate of 5 °C per minute. The potential

of working electrode was measured relative to the air reference electrode.

While constantly blowing nitrogen into the cell to maintain inert atmosphere, the open cell
potential developed by the cell was measured with temperature. Figure 4.8 shows a
comparison of theoretically predicted equilibrium potential differences with measured OCP

values for LTA SOFC.

Experimental OCP data for temperatures less than 900 °C was slightly (ca. 40 mV) lower
than theoretical equilibrium potentials. This is possibly due to the fact that saturation of
liquid tin with oxygen had not yet been achieved. On the other hand, at temperature higher
than 900 °C, equilibrium OCP is higher than theoretically possibly caused by oxidation of
the glassy carbon current collector. For comparison, coal oxidation reaction has an
equilibrium potential of ca. 1.02 V", which is higher than for the Sn-SnO, equilibrium

potential.
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Figure 4.8 Experimental open circuit potential of the SOFC with a liquid tin anode compared to the
theoretical equilibrium potentials for tin oxidation reaction.

Overall, glassy carbon showed itself to be an inert current collector up to 900 °C, which
was suitable for the present study. All electrochemical characterisation of LTA SOFC was
done at 780-800 °C (well below that point), but also normally with a supply of hydrogen
fuel.

In case of constant supply of a fuel which is more reactive than the current collector
material, glassy carbon can be considered as a reliable electronic probe. This situation is
opposite to metallic contacts which tend to alloy with liquid tin at high temperatures and

for that reason were not utilised.

4.5. Conclusions
Preliminary work was essential for validation of the developed workstation with equipment
and material that are going to be applied throughout the project. Potentiometric
measurements involving the application of YSZ tubular cell as an oxygen sensor were
completed. Close agreement between the measured and theoretical EMF data obtained
from a symmetrical cell confirmed that the developed cell was prepared correctly and

operated accordingly.

Ionic conductivity of YSZ material as a function of operating temperature was investigated
using two methods: one varying the applied potential and second, using the EIS technique.
From current-voltage characteristics it was found that the YSZ cell exhibited the highest

conductance at 800 °C in the temperature range considered; hence the temperature range

for operation of LTA SOFC was chosen to be from 750 to 800 °C.

The EIS measurements confirmed the reduction in bulk resistance (attributed to
electrolyte) with increase of temperature. Ionic conductivity of 6YSZ cell was calculated

from the EIS data and was in a good agreement with values reported in the literature. From
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the obtained result it was decided to utilise 8YSZ material rather than 6YSZ due to its

enhanced conductivity.

The fuel cell developed in the previous chapter was operated in a battery mode (no fuel
supply) and the OCP between the working electrode (anode) and reference electrode was
measured with temperature. Good correlation between measured OCP and potential
difference predicted by thermodynamics of the system was found. A deviation of
experimental OCP from theoretical was found at extremely high temperatures (>900 °C)

which may have been due to oxidation of the current collector.
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5. Experimental

optimisation

This chapter provides analysis of oxygen permeation rates through plastic tubing that was
discovered at early stages of building the LTA SOFC set-up. Parasitic ingress of oxygen
decreased upon reduction in the length of silicone peroxide tubing: later it was reduced via
its complete replacement with hard nylon tubing. Concentration of leaked oxygen was

found to be inversely proportional to the gas flow rate.

A methodology to account for the effect of leaked oxygen into the fuel cell on the overall
tuel cell current was developed. In order to do that the LTA SOFC was operated at -1.1 V
vs. RE when N, gas was supplied doped with some oxygen pumped in and/or out
electrochemically. The amount of pumped oxygen was consistent with Faraday’s law for
both tubing materials. About 57% of the pumped current (due to oxygen) was attributed to
the change in fuel cell reduction current. This showed that the liquid tin gettered 57% of
the oxygen entering the cell via the supplied carrier gas; this is a surprisingly large fraction
as the gas was in contact with the tin only for a short time (seconds or less). Importantly, it
demonstrated that a substantial fraction of oxygen leaking into the gas supplied to the fuel
cell dissolved in the tin and contributed to currents measured during electrochemical

measurements. Thus, it is vital to ensure minimisation of parasitic oxygen into the carrier

gas.
The developed mechanism not only showed considerable contribution of parasitic oxygen
leaking into tin when LTA SOFC was run at -1.1 V vs. RE, but also indicated how
measured currents could be corrected for parasitic oxygen; such a correction is applied in

experimental chapters of this thesis.

Finally, the values of permeability coefficient for silicone peroxide and nylon tubing are
determined and compared to literature values. Replacement of silicone peroxide tubing
with nylon should have resulted in virtually zero permeability. The apparent permeability
coefficient of 1.3x10"" cm” s Pa”' measured for nylon tubing indicated that permeation
occurred through the joints and connectors, where short sections of silicone peroxide

tubing were used for making connections.
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5.1. Introduction

One of the challenges in the operation of LMA SOFCs is to maintain the metal anode in
an inert atmosphere. In order to flush the operating system and prevent any leak of oxygen

to the anode the carrier gases N, or Ar were typically applied'®*"***™.

Electrochemical oxidation of liquid metal to metal oxide is one half reaction of the whole
mechanism of the fuel cell, and therefore the level of oxygen present in the inert carrier gas
should, if possible, be reduced virtually to zero in order to minimise any chemical oxidation

of the anode.

At early stages of this project when the experimental rig was under construction using
various types of plastic tubing, significant amounts of oxygen were detected in the carrier

gas (nitrogen) after traversing the tubing.

Therefore, the aim of the work presented in this chapter is to quantify permeation of
oxygen through the silicone peroxide tubing incorporated initially (and nylon tubing used
subsequently). Traces of oxygen in the system were detected even after replacement of
most of the soft tubing with hard impervious tubing. A methodology was developed
whereby oxygen was electrochemically pumped in or out to the carrier gas supplied to the
fuel cell. The methodology enabled investigation of the effect of pumped/parasitic oxygen

on the fuel cell current.

5.2. Background
Transport of gases in polymer membranes has been studied widely over the past 150
years'>'?’. The gas transport theory in synthetic polymeric membranes is dependent upon
the morphology of the polymer and as such there are two main types of polymers for

consideration: rubbery and glassy polymers'”.

The focus of this chapter is permeation through rubbery polymers (in particular silicone
rubber). Permeation according to the ‘solution-diffusion model’* is governed by two
processes: sorption (conforming to Henry’s law solubility) and diffusion (governed by

Fick’s law of diffusion).
Combining sorption and diffusion, the steady state permeation rate (or flux) through a

membrane of thickness 7is expressed as follows:

_ DSAp (.1)
T

where D is the diffusion coefficient, S the absorption coefficient, and Ap the pressure

difference.
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Assuming that diffusion and solubility coefficients are independent of concentration of a

gas in a membrane, the permeation flux is expressed as follows:

__PAp (5.2
B T
And the permeability coefficient is then:
T 5.3
P=DS = ]— )
Ap

Apart from solubility and diffusivity of a small molecule in the polymer, other factors that
affect permeability of a polymer are chain packing and side group complexity, polarity,

otientation, fillers, humidity and plasticization'*".
Permeability of a membrane is used to characterise the permeation rate of a membrane and

is typically expressed as follows:

Vt .
o (54
AtAp

where P is permeability for a given temperature, [” is volume of gas which penetrates
through a membrane, 7is thickness of a membrane, 4 is area of a membrane, # is time and

Ap is partial pressure difference across the membrane.

Analysis of oxygen permeation through plastic tubing based upon ‘solution-diffusion’
theory in the present work is shown below. As all the experiments were run at ambient
temperature (25 °C) and pressure (1 bar) and with the same permeant, namely oxygen, the
dependence of permeability, solubility upon the gas type, temperature and pressure are not

considered in the theoretical treatment of the results, which is shown below.

5.2.1. Theoretical analysis of oxygen permeation with the
effect of pumping current
Based on studies of transport of gases and vapours in polymers'”, the following theoretical
framework has been developed for the analysis of permeation rate of air (oxygen) through

silicone peroxide tubing with a constant flow of nitrogen through it.

Consider permeation through plastic tubing (silicone peroxide), with length /, from air
surrounding the tube to N, with O, content close to zero (Figure 5.1). Let the gas
(nitrogen) input to the tube have O, content of @ ppm (from gas cylinder specification)
and the output, ¢ ppm. Note that 1 ppm of O, is parts per million by moles but also by

volume.
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Permeation rate of O,, ¥ cm3 st

N, in N, out
X (ml s't) with @ ppm O, Concentration of O,, ¢, ppm
\ +

Total length of tubing,l cm

. 1
Electrochemically pumped oxygen, E(22.4 x 103)cm? st

Figure 5.1 Schematic of the oxygen permeation through silicone peroxide tubing (containing N) with
electrochemically pumped oxygen.

Permeation rate of oxygen through plastic tubing is shown as Y cm’ s, for the total length
of tubing, /, where X ml s is the flow rate of nitrogen gas and /is the total length of tubing
and pumped current, I in A. The electrochemically pumped oxygen is treated below.
In order to quantify the amount of injected oxygen via the oxygen pump, the following
reaction with four electrons transfer is considered:

20" & 0, + 4e” (5.5)
So the rate of oxygen pumping is 41—F mole s of oxygen, which is :—F(22.4>< 10%) cm’ 57,
where F is the Faraday constant, 0.965 X 10° C mol”, and hence the volume of oxygen

pumped (at STP) is equal to:

1x(22.4x10%)

=0.0581 cm’s”
4x0.965 x 105

For a nitrogen (or argon) flow rate of X mls”, the following equation may be written:

. 10° B (5.6)
Cc :T(Y-i‘OOSBI) +a

where C is the concentration of oxygen in ppm.
For constant or zero current, a plot of oxygen concentration, € vs. inverse of gas flow rate,

X" should be a straight line with a slope of 10°Y, and intercept, a@.

In case when additional oxygen is pumped in, for a fixed flow rate of nitrogen X, the plot
of oxygen concentration, € in ppm vs. pumped current, I, should result in intercept (units:
ppm):

6
intercept = a + %Y (>-7)

and slope (units: ppm pA™)
0.0580 (5.8)

l =
slope e
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5.2.2. Calculation of oxygen concentration using
potentiometric sensor
Oxygen concentration is determined from the EMF measured between two Pt electrodes
located on each side of a YSZ cell, which is governed by the Nernst Equation as follows

(see Chapter 4 for more details):

E RT In <p02 sample) 3.9

4F Po, ref

where R is universal gas constant, T'is absolute temperature, po, .., £ i partial pressure of
oxygen in dry, clean air (0.21 atm) and po, . ample is the partial pressure of oxygen to be

measured.
Assuming 210,000 ppm of O, in the ambient air (reference gas), Equation (5.9) could be

written as follows:

Csample > (5.10)

E = 2.303 RTl (
= ooV R 08 210,000

where Cggmpie 1s unknown oxygen concentration (in ppm) in the sample gas.

Equation (5.10) allows the determination of an unknown oxygen concentration (in ppm) in

the sample gas, Csgmpie from the measurement of EMF between two electrodes, E.

This chapter presents an investigation of oxygen permeation through silicone peroxide and
nylon tubing. It also provides the methodology for doping of carrier gas with oxygen using
an electrochemical pump. The effect of oxygen pumped in and out on the overall fuel cell

current is also presented.

5.3. Experimental procedure
In the present chapter all experimental work entails operation of the LTA SOFC cell at an
operating temperature of 760-780 °C. Experimental set-up and compartments of the
working cell were similar to the ones described in Chapter 3. However, some modifications
to the original set-up were made to fulfil the requirements for the practical work on the
oxygen diffusion through plastic tubing as well as pumping of oxygen in and out of carrier
gas prior to its entering the liquid tin electrode fuel cell. The carrier gas used in the

measurements was zero grade (6 ppm O,) nitrogen (BOC, UK).

The most important pieces of equipment that were added to the main set-up:
potentiometric oxygen sensor (Kent Industrial Measurements, UK), oxygen pump (made
of 10YSZ symmetrical cell (closed at one end) with Pt electrode on inner and outer side of

the tube) and electrical furnace to heat up both sensor and pump (Figure 5.2). The outer
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diameter of the 10YSZ tube was 10 mm with wall thickness of 1 mm and overall length of
120 mm. Platinum ink (4082 Pt Vitr-Au-Less Conductor, Ferro Electronic Materials, USA)

for electrodes was painted on the inner and outer sides of the YSZ tube and sintered at
1000 °C for 2 hours (ramp rate of 10 °C per minute). Platinum wires were attached to each

electrode prior to sintering, for electrical connections.

Figure 5.2 Electrical furnace for heating oxygen sensor and oxygen pump (closer look) in the overall set-up (a);
oxygen sensor (b); oxygen pump (10YSZ symmetrical cell (closed at one end) with two Pt electrodes and Pt
wires) (c).

During the practical wotk two types of tubing were used. Duting the eatly stages, 1/4”
(6.35 mm) OD, 1/8” (3.18 mm) ID flexible vinyl (PVC) tubing (Swagelok, UK) suitable for
operation from -40 to 73 °C was used together with 4 mm OD, 2 mm ID silicone peroxide
tubing (VWR International Ltd., UK). At later stages, vinyl and silicone peroxide tubing
were replaced by hard, lightweight, flexible nylon tubing of two sizes 1/4 (6.35 mm) OD
and 1/8” (3.18 mm) OD (Swagelok, UK) suitable for operation from -40 to 93 °C. All
types of tubing employed in this chapter are listed in Table 5.1.
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Table 5.1 Details of all the tubing employed in experimental work.

Name of the Material Dimensions Supplier

tubing

Vinyl Polyvinyl chloride 1/4” (6.35 mm) OD and  Swagelok, UK
(PVC) - (C,H,C)), 1/8” (3.18 mm) 1D

Silicone peroxide  Basic elastomer — 4mm OD and 2mm ID  VWR
silicone; catalyst/filler International Ltd.,
- peroxide UK

Nylon Nylon 1/4” (6.35 mm) OD, Swagelok, UK

thickness 1.0 mm
Nylon Nylon 1/8” (3.18 mm) OD, Swagelok, UK

thickness 0.5 mm

An electronic circuit connected to the 10YSZ cell (oxygen pump) was inserted into the
overall set-up to drive the pump. An electronic circuit was built specifically to be used with
the oxygen pump (Figure 5.3), where the voltage (5 V) from the power supply unit was
divided using four 1 kQ resistors connected in series, which provided 1.25 V across each of
the resistors (Figure 5.3a). The complete circuit consisting of ammeter, voltmeter and

variable resistor (up to 1 M€Q) together with the oxygen pump is shown in Figure 5.3b.

(b) 02 +4e” o 20%

Outer electrode YSZ cell Inner electrode | |

Figure 5.3 Electronic circuit with 10YSZ cell served to pump oxygen in and out of nitrogen flow (a); schematic
of the operation of the oxygen pump using the electronic circuit (b).

A schematic of the experimental rig used in this work is shown in Figure 5.4a with detailed
representation of the oxygen sensor and oxygen pump operable with in-house built
electronic circuit, shown in Figure 5.4b. The flow of nitrogen was supplied to the oxygen
pump (to pump oxygen in or out) followed by the oxygen sensor and then entered the fuel
cell (Figure 5.4c) held at operating temperature by an electric furnace. Both oxygen sensor
and oxygen pump were held inside a second electrical furnace (Kent Industrial
Measurements, UK, 100 W), which was powered by two power supply units (PSU)

connected in series (to achieve the required 12 V).
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Nitrogen gas entered and exited the fuel cell via alumina tubes with internal diameter 2
mm, the inlet tube being immersed in the liquid tin to a depth of approximately 15 mm so

that the gas bubbled through the liquid tin.
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Figure 5.4 Process flow diagram for oxygen permeation and oxygen pumping into the nitrogen stream (a);
schematic of experimental rig for the measurement of oxygen permeation and oxygen pumping in and/or out
the nitrogen flow (expanded view) (b); schematic of an experimental setup of the LMA SOFC cell for oxygen

permeation into the N3 stream (c).
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5.4. Results and discussion

5.4.1. Permeation of oxygen through silicone peroxide and
nylon tubing
Early measurements were carried out using the set-up shown in Figure 5.4. Oxygen
concentration was measured using a potentiometric sensor in the N, line at a flow rate of
1.67 ml s and resulted in ca. 500 ppm of O, exceeding the O, concentration in the N,
cylinder (6 ppm according to specification) by 100 times. Reducing the flow rate down to

0.83 ml s resulted in an almost doubled initial O, concentration (1045 ppm).

As a result the permeation rate of oxygen through silicone peroxide tubing was explored as
a function of flow rate of supplied gas (nitrogen). The EMF (together with sensor
temperature) was measured at 1.67, 0.83 and 0.33 ml s’ flow rates before and after

reduction in length of silicone peroxide tubing from 88 cm down to 8 cm.

Subsequently, in order to reduce parasitic leakage of oxygen through soft silicone peroxide

tubing most of the soft tubing was replaced with less permeable nylon tubing.

A plot of the concentration of leaked oxygen (into N, flow) versus the reciprocal of flow
rate is shown in Figure 5.5 for the original and reduced length of silicone peroxide tubing,

88 and 8 cm respectively, as well as for nylon tubing.

m  |=8 cm; nylon tubing
77 ® |=8 cm; silicone peroxide tubing
A |=88 cm; silicone peroxide tubing

4l € =846(X)™- 29.1

€ =103(X)*-1.37

] M%L

€=35.2(X)"-11.9
T T T T T
0 2 4 6 8 10
Reciprocal of the gas flow rate / s mI™*

Concentration of O, / 10° ppm

Figure 5.5 Concentration of oxygen diffused through silicone peroxide tubing of 88 and 8 cm and nylon tubing
(8 cm) vs. inverse of the gas flow rate.

The obtained data (Figure 5.5) resulted in the straight lines, which provides confidence that
the measurement of concentration using the potentiometric oxygen sensor was reliable and
accurate. An indicated eatlier, inverse proportionality between oxygen concentration and

the flow rate of nitrogen predicted by the theory was confirmed (Section 5.2.1).
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From the above theory it is expected that oxygen permeation rate should be proportional
to the length of tubing, / The difference in the slopes (almost 8 times) in Figure 5.5 upon
reduction of length of tubing from 88 cm down to 8 cm serves as strong evidence to that,
as no other parameter was changed during that experiment. Despite that reduction, precise
ratio of the slopes according to theory should be 11:1 rather than 8:1. A possible
explanation is that some leakage of oxygen was also occurring through the joints.
Replacement of the soft by hard tubing resulted in significant reduction of oxygen
permeation rates by a factor 2-3 for similar length of hard (nylon) and soft (silicone
peroxide) tubing.

The oxygen permeation was investigated by application of the oxygen pump and electronic
circuit illustrated in Figure 5.3 whereby oxygen was electrochemically injected and/or
removed from the N, flow. Figure 5.6 shows the measured oxygen concentration vs.

pumped current for silicone peroxide (reduced in length) and nylon tubing.

600 1200
\ A 033mis’ = 083mis’ e 1.67m|s'1‘ \ A 033mis’ m 083mis’ e 1.67mls”

A

500 1000 +

400 8007 &= 0.2501 + 219
&= 0.2041 + 311 c=0. +
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300

¢ =0.07151 + 126

200 4
A.!//. ] w
¢ = 003551 + 64.0
100 +
.*/,.,0’4/’/*/. ol ¢ =0.03411 + 271
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() Pumped current / pA (b) Pumped current / nA

Figure 5.6 Concentration of O;vs. pumped current with N flow rate of 1.67, 0.83 and 0.33 ml s! using
8 cm silicone peroxide tubing (a) and hard tubing (b).

Plotting the intercepts from Figure 5.6 vs. the reciprocal of the flow rate resulted in straight
lines for both silicone peroxide and nylon tubing. The obtained lines confirm the inverse
proportionality between the experimentally measured intercepts (i.e. concentration of O, at
zero pumped current) and the gas flow rate. This once again confirms that the
concentration of oxygen is inversely proportional to flow rate as presented above in Figure

5.5., while the leakage rate was constant.
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Figure 5.7 Intercepts obtained from Figure 5.6 against reciprocal of the flow rate for silicone peroxide and nylon
tubing.

The positive effect from replacement of silicone peroxide tubing with less permeable nylon
tubing was evident from the difference of two slopes of straight lines (i.e. 102 vs. 80.0 ppm
ml s7). This would indicate the reduction in diffused O, concentration with nylon tubing

compared to silicone peroxide at no pumping of additional oxygen.

Close agreement in the slopes obtained from Figure 5.7 and Figure 5.5 (102 and 103 ppm
ml s7) is additional confirmation that same amount of oxygen was diffusing through 8 cm
long silicone peroxide tubing during two separate measurements. This indicates consistency

in the results obtained using different experimental methods.

In Figure 5.6, all the lines for each flow rate apart from those at 0.33 ml s are parallel (the
slopes are in a good agreement), which confirms that the amount of oxygen pumped was
consistent with Faraday’s law shown in Equation (5.8) with both tubing materials. The
following figure (Figure 5.8) provides additional confirmation to that. Two values with
both materials obtained with slowest flow rate 0.33 ml s were not aligned with theoretical
line. This could be due to some minor leak of oxygen at the joints, which was less

influential at higher flow rates (1.67 and 0.83 mls™).

Overall the obtained results with two materials confirmed that replacement of silicone
peroxide tubing with nylon tubing led to a significant reduction of O, levels in the nitrogen

flow.
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Figure 5.8 Relationship between theoretical and measured injection rate of oxygen and gas flow rate with both
silicone peroxide and nylon tubing.

5.4.2. Oxygen pumping in and out of liquid tin anode
during cathodic reduction of oxygen in LTA SOFCs
Replacement of silicone peroxide tubing with nylon reduced the amount of oxygen that
leaked into the nitrogen line. Having reduced the levels of oxygen the effect of the
remaining parasitic oxygen fed into the fuel cell during the electrochemical measurements

in LTA SOFC was investigated.

The simplest reaction in LTA SOFC where parasitic leak of O, could be studied was
cathodic reduction of oxygen (dissolved in tin) at some negative potential (with respect to
Sn/Sn0O, redox couple). While measuting the cutrent response from a fuel cell, some
oxygen was added and/or removed using the oxygen pump. This enabled the effect of

pumped oxygen on the overall fuel cell current to be explored.

The LTA SOFC cell (Figure 3.6) was heated in a vertical furnace to 761 °C under flow of
1.6 ml s of gaseous mixture of dry H, and N, (4: 96). The potential of the tin electrode
was held at -1.1 V vs. RE and the current response was monitored with time, while O, was
pumped into or out of the nitrogen stream supplied to the fuel cell (Figure 5.9). The

estimated accuracy of measured currents is = 50 pA.
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Figure 5.9 The effect of pumped in and pumped out current on cathodic current measured at -1.1 V vs. RE
under flow of 1.6 ml s-! of gaseous mixture of dry H; and N (4: 96).

One of the limitations of the experiment was removal of greater amount of O, (the
pumping out current could not exceed 75 pA). Removal of more oxygen was possible only
if higher voltage across the electrodes of the pump had been applied. That, however, could
potentially induce electronic conductivity of ZrO, in the 10YSZ tube, which was not

desirable'” as Faraday’s law does not apply for current carried electronically.

Figure 5.10a shows the linearity between pumped current and steady cathodic current at
each O, injection rate into the N, flow. Increase in pumped current resulted in higher in
magnitude fuel cell current, as more oxygen was supplied to the fuel cell to be reduced at
liquid tin/ YSZ interface at -1.1 V. The obtained slope of ca. 0.57 indicates that around
57% of injected current had translated into the overall fuel cell current, and that the
remained of pumped oxygen did not stay in the tin but was carried from the cell in the
carrier gas. This is an interesting and important result because it shows that although the
transit time of the bubbles was very short (the time it took for them to rise through 15 mm
of tin) more than half of the oxygen was extracted into the tin. Extraction of the oxygen
into the tin can only takes place at the interface between the bubble and the tin. So clearly
the time constant for diffusion and oxygen gettering within the dimensions of the bubbles
is short. It would also suggest that oxygen reaching the interface dissolves or reacts with tin

rapidly. This has implications regarding water reduction and will be recalled in Chapter 9.

The intercept of ca. 0.89 mA in Figure 5.10a was the value of the steady fuel cell (cathodic)

current at zero pumping current and was due to the parasitic oxygen content of the carrier
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gas. The amount of pumped oxygen had a primary effect on overall fuel cell current, which
is shown in Figure 5.10b. One would expect that when zero oxygen was present in the
system, the fuel cell current would also be zero. The intercept of -0.31 mA can be

accounted as not significant as it was within the standard deviation of measured

concentration.
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Figure 5.10 Steady cathodic current (a) vs. pumped current and (b) vs. Oz concentration with total flow rate of
1.6 ml s,

The plot of O, concentration versus the pumped current (Figure 5.11) resulted in a straight
line with a slope of 50 ppm O, per 1 mA of pumped current. The intercept of 51 ppm
indicated that this amount of O, was present in the tubing (when no O, was injected or

removed electrochemically via the pump).
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Figure 5.11 Concentration of O vs. pumped current at total flow rate of 1.6 ml s-..

It is possible to compare the determined slope with the slope dictated by Faraday’s law.
The volume of oxygen pumped in ml s” per 1 mA can be expressed as follows:

dN I (5.11)
dt  4F

This is equivalent to a flow of oxygen in mls™:
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I (5.12)
— 224 x 103
4F

o . ) . . 22.4x1031x10°
Injecting this into a N, flow of 1.6 ml s results in oxygen concentration of e

6

ppm or 22::;0 ppm mA”, ie. 36.3 ppm (mA)"' compared to experimentally found 50.0

ppm per 1 mA (Figure 5.11). The discrepancy between the two values may indicate loss of
N, before it flows through the pump because this would raise the O, concentration in the
gas.

Overall the applied methodology when oxygen is pumped in or out of the fuel cell during
chronoamperometric measurements was important. Using this technique, any inevitable
leak of oxygen into the fuel cell can be taken into account and be separated from the
overall fuel cell current.

Prior to any electrochemical measurements, steady oxygen reduction current should be
measured when LTA SOFC is operated at some negative (with respect to OCV)
overvoltage (say -1.1 V) and supplied only with carrier gas (N, typically). Then if the fuel
cell is operated at positive overvoltage, the oxygen reduction current should be added to
the overall anodic current. On the contrary, if LMA SOFC is operated cathodically then the
oxygen reduction current should be subtracted from the overall current. This technique for
addressing inevitable leak of oxygen into the system is applied in further experimental

chapters of this thesis.

5.4.3. Determination of permeability coefficient for plastic
tubing
Calculation of permeability coefficient for silicone peroxide tubing, P can be found using
the equation (derived in Appendix B) as follows:
v n("/r,) (5.13)
21,000 (2ml)
where Y is permeation rate of oxygen, cm’ s, r, and 7, are the external and internal
diameters of the tubing, /is total length of tubing, 21,000 is the concentration of oxygen

outside the tubing/ Pa.

Recalling Figure 5.5 where for silicone tubing of total length of 88 cm, the slope of 846
ppm ml 5" was obtained, which according to Equation (5.6) is 10°Y. Thus Y=846x10° cm’
s'. From dimensions of silicone peroxide tubing given in Table 5.1, the value of /u(r,/r,)

can be found. Substituting all into Equation (5.13) obtain:

__ 846X1076X 0.693

= =51x10"" cm?s'Pal.
0.21x105%x2mXx88
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Applying the analysis for nylon tubing, the permeability coefficient was found to be
1.3x10"" ecm® s Pa”', which about 4 times smaller than silicone tubing. This value was still
higher than expected, as according to its technical specification is considered to be
impermeable to oxygen. A possible explanation for the apparently elevated value for the
nylon tubing is that there remained leakage via “soft plastic” connectors and joints, where

it was not possible to connect directly between the metal fittings and the nylon tubing.

The obtained values for both silicone peroxide and nylon tubing in the existing set-up was
higher than values for other polymers (see comparative Table 5.2). The actual permeability
for nylon should be lower than most of the polymers, albeit the apparent permeability
(measured taking into consideration all plastic connectors and joints) was relatively high.

Table 5.2Permeability in polymers at 25 °C for oxygen gas!2.

Polymer P/10" cm’ s’ Pa™ at 25 °C
Polyethylene (LDPE) 2.2

Poly(ethyl methacrylate) 0.9

Poly (ethylene terephthalate) 0.04

Poly (vinylidene chloride) 0.004

UCL (present work)—silicone peroxide 510

UCL (present work)- nylon (polyamide) 130

So the tubing applied in early stages of this project was very permeable to oxygen
compared with all other plastics shown above. And therefore was considered not a good
plastic to be used for piping “oxygen-free” gases. Notwithstanding that some soft
connectors and joints remained in the plumbing, the nylon tubing that replaced silicone
peroxide tubing had significantly reduced permeation to oxygen compared to silicone

peroxide.

5.5. Conclusion

Parasitic leakage of oxygen into the LT'A SOFC cell was a serious problem that needed

urgent solution prior to any accurate electrochemical measurement in LTA SOFC.

Several improvements made to the experimental rig enabled a reduction to be made to
levels of O, in the nitrogen stream from 1045 ppm (initially) down to 50 ppm (finally) with
1.67 ml s" flow rate of N, in both cases. This was achieved by firstly reducing the length of
silicone peroxide tubing from 88 to 8 cm, and secondly by replacing most of the silicone

peroxide tubing with less permeable nylon tubing.

Agreement between experimentally-measured permeation rate of oxygen through various
tubing (silicone peroxide and nylon) and theoretical prediction (based upon Faraday’s law)
provides confidence in accurate and reliable operation of both the potentiometric sensor

and the electrochemical pump.
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Using the oxygen pump and electrical circuit it was possible to remove O, and maintain its
concentration in N, flow at acceptable levels. The technology developed to account the
influence of parasitic oxygen on overall fuel cell performance showed that 57% of pumped
oxygen current was translated to the overall fuel cell current, when LTA SOFC was
operated at -1.1 V vs. RE and fed with dry N,. That methodology considers some parasitic
oxygen to be inevitable. It is shown that it is possible to correct for its contribution to fuel
cell anodic or cathodic current measurements and this is done in the remaining chapters of

this thesis.

Finally permeability coefficient for both types of tubing was calculated as 5.1x10"" and
1.3x10"" cm® s Pa' for silicone peroxide and nylon tubing, respectively. The two values
were higher than for other polymers. However, it is considered that the apparently high
value measured for nylon was due to the use of short length of soft tubing to enable pipes

to be fitted readily to metal connectors.
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6. Proposed mechanisms

for oxidation of

hydrogen in LMA SOFCs

This chapter proposes the mechanisms for oxidation of gaseous fuel (hydrogen) in liquid
metal anode SOFCs depending on the reaction conditions such as applied potential and
operating temperature. The proposed mechanisms are suggested to be applicable to all
metal anodes associated with formation of solid metal oxide upon polarisation of a fuel
cell. There are four different modes of operation (and hence mechanisms for oxidation):
direct electrochemical oxidation of fuel gas at the liquid metal anode/ YSZ interface;
homogeneous oxidation of fuel in the bulk of the liquid anode by dissolved oxygen,
followed by electrochemical injection of oxygen to replace the consumed oxygen;
electrochemical oxidation of liquid metal at the anode/ electrolyte interface, followed by
chemical oxidation of fuel by metal oxide in the bulk of the metal and electrochemical
oxidation of liquid metal at a rate significantly higher than metal oxide reduction with fuel,
which may lead to the formation of a blocking metal oxide layer. This chapter presents
experimental results on oxidation of hydrogen in LMA SOFC under the fourth mode of
operation, as the most common one applied in the literature. Investigation of other
mechanisms for hydrogen oxidation in LMA SOFC is made in further chapters, Chapters 7
and 8.
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6.1. Introduction

The operation of the liquid metal anode SOFC fed with hydrogen fuel is shown in Figure
6.1. Oxygen is reduced at the cathode to oxygen ions, which migrate through the solid
electrolyte to the molten metal anode. Molten metal is electrochemically oxidised to metal
oxide, which is reduced back to metal via chemical reaction with hydrogen supplied into

the melt.

Hydrogen
"’—L’—‘ Hy

M(l) + n0O> >MO, + 2ne-

20> €0, +4e

MO,, e o nH2 >M+ nH20

Residual fuel HZO
s Hs—

Residual oxidant

Liquid Metal Anode Zr0,-Y,0, Cathode
Electrolyte

Figure 6.1 Schematic showing operation of LMA SOFC with hydrogen. Yttria-stabilised zirconia
(YSZ) is shown as a representative solid oxide electrolyte.

So far, the most widely studied metal anode is tin and its alloys,'” and is the subject of this
work. The approach employed with tin is applicable to a range of molten metals (M) under
investigation. As indicated in the review of LMA SOFC technology (refer to Chapter 2)
numerous studies on liquid tin anode SOFCs have established deterioration in cell
performance due to the formation of a blocking layer of SnO,**"">™"', Therefore, it was
decided to operate the liquid tin anode SOFC in conditions where an insoluble SnO, layer
is not formed and yet the fuel oxidation may be observed. This mode of operation will be
applied in the present study (refer to Chapters 7 and 8) to gain more knowledge on the fuel
oxidation process within the molten anode with no complexity associated with formation

of metal oxide.

However, prior to any discussion of this mode of operation (without generation of oxide
layer), a general classification of possible modes of operation of LMA SOFC is appropriate
as is summarised below, which is the main purpose of this chapter. An example of one of

the common modes of operation for LMA SOFCs is considered and presented in detail.
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Other modes have not been applied yet in the literature and will be explored in further

chapters of this thesis (Chapters 7 and 8).

6.2. Classification of modes of operation for Hs-

LMA SOFCs

Depending upon the reaction conditions, in an LMA SOFC four different modes of
operation (as example of hydrogen fuel) are proposed (Figure 6.2):

a) Direct electrochemical oxidation of fuel at the liquid anode / electrolyte interface —
classified as E (Electrochemical mode).

b) Homogeneous oxidation of fuel in the bulk of the liquid anode by dissolved
oxygen, followed by electrochemical injection of oxygen to replace the consumed
oxygen — classified as CE (Chemical — Electrochemical mode).

¢) Electrochemical oxidation of liquid metal at the anode / electrolyte interface,
followed by chemical oxidation of fuel by metal oxide in the bulk of the metal —
classified as ECI (Electrochemical — Chemical mode 1).

d) Electrochemical oxidation of liquid metal at a rate significantly higher than metal
oxide reduction with fuel, which may lead to the formation of a blocking metal
oxide layer — classified as EC2 (Electrochemical — Chemical mode 2 - blocking).

This mode is only applicable for metal oxides that are in solid phase at operating

temperatute.
E CE
Ny,
anode anode
electrolyte electrolyte el
cathode cathode cathode
layer of MO,
[77] reaction zone [Z77] reaction zone reaction zone s reactlon zone

(a) (b) (c) (d)
Figure 6.2. Proposed modes of operation for a LMA SOFC fuelled with Hj: (a) direct electrochemical oxidation
of H; at LMA / electrolyte interface; (b) chemical oxidation of H; in the bulk of LMA by dissolved oxygen,
followed by electrochemical injection of oxygen at LMA / electrolyte intetface; (c) electrochemical oxidation of

M followed by chemical oxidation of H; in the bulk of the LMA; (d) extensive oxidation of M to insoluble MOx
that may create a blocking layer.

In the first two modes (E and CE) the fuel cell is operated within a potential window in
which the LMA is electrochemically inert (i.e. not oxidised by the oxide ion flux) and hence

electrochemical oxidation of the fuel occurs directly at the LMA / electrolyte interface (in
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the case of mode E). However, if the concentration of dissolved oxygen in the melt is
sufficient (as in the case of mode CE), H, dissolves in the liquid metal and undergoes
homogeneous oxidation with dissolved oxygen, reducing the concentration of dissolved
oxygen, [Olg, via Reaction (6.1):

2[H]sn + [0lsn S Hy0 (6.)

Consumption of dissolved oxygen drives the anodic generation of oxygen at the liquid tin /

YSZ interface via Reaction (6.2):

0% 2 [O]sn + 2€~ 6.2)

Due to the reported low solubility of H, in liquid tin® (0.9 x 10 * at.% [H]s, at 1000 °C)
compared with that measured by Ramanarayanan and Rapp™ for oxygen (0.91 at.% [O]s, at
1000 °C) the rate of reaction in the £ mode is likely to be insignificant compared with the
CE mode. The latter mechanism (dominant CE mode), entails homogeneous oxidation of

hydrogen in the bulk of tin as the chemical and rate-determining process (see Figure 6.2b).

In EC modes the liquid metal is electrochemically oxidised, and then chemically reduced

back to the metal via fuel oxidation, as follows:

Mgy +n0* & MO, + 2ne” (2.35)

MO, +nH, & M + nH,0 (2.36)

The rate of electrochemical oxidation of M is cleatly greater than or equal to the rate of
chemical reduction of MO, . The ratio of the two rates is given by x:

a (6.3)
—_— >
X = 5 1

where a is the rate of electrochemical oxidation of M to MO, at the electrolyte interface; &

is the rate of chemical reduction of MO, to M in the bulk LMA.

In ECI the MO, generated is totally reduced by fuel dissolved or present in liquid tin (i.e. «
= b, x = 1). The fourth mode (EC2) is the case where the rate of electrochemical oxidation
of M is greater than the rate of chemical reduction of MO, (i.e. 2 > b, x > 1). During EC2
mode there is more MO, produced than can be readily reduced by the fuel. Taking the
well-studied liquid tin anode system as an example, a layer of solid tin dioxide is
accumulated at the electrolyte surface, which blocks the flow of O ions and electrons and,

19,6

as a result, inhibits further operation %727 Tn modes E and CE there is no formation of
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MO, (e.g. SnO,) involved in the overall process, so parameter x is not relevant for these

casces.

6.3. Thermodynamics of the modes of operation

for LMA SOFCs
For the liquid tin anode (LTA) hydrogen-fuelled SOFC, the standard equilibrium potentials

of the H,-H,O, Sn-SnO and Sn-SnO, couples as functions of temperature are shown in
Figure 6.3. Standard equilibrium potentials were calculated based on the Gibbs free energy
of each reaction (with 21% O, at 1 atmosphere as oxidant). Required thermodynamic data
were generated using the chemical reaction and equilibrium software HSC Chemistry 6.1

(Outotec, Finland)"".

1.3

1 | generation of electronic carriers in YSZ
1.2 1

1.1

1.0

0.9

0.8

0.7 H

0.6 |
l EC2 Mogle

Nernst Potential / V

0.5 T T T T T T T T T T T
700 750 800 850 900 950 1000

Temperature / °C
Figure 6.3. Standard equilibrium potentials of H>-H20, Sn-SnO and Sn-SnO; redox systems (all based upon O>
at 1 atmosphere pressure and 21% concentration) as functions of temperature. Operating potential window in F'

mode (applied in the present work) is constrained by the onset of electronic conductivity in YSZ from the top
and by SnO; generation from the bottom at 780 °C.

Modes E and CE in this system can be achieved by applying a potential to the working
electrode above the Sn-SnO, and Sn-SnO redox potentials. In this way, the tin anode is
maintained in an effectively “inert” state and does not interfere in electrochemical reactions
at the electrolyte interface. Consequently, no blocking layer of SnO, can be generated in
these modes. EC1T is initiated if the cell voltage is below the Sn-SnO, or Sn-SnO redox
potential, with EC2 becoming more likely with increasing current density / anodic

overpotential (Figure 6.3).
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Operation in mode E or CE provides a simpler system compared to EC modes. It most
importantly sets aside concerns with blockage of electrolyte with metal oxide. However the
most common mode of operation for LMA SOFCs in the literature remains to be EC

72,73

mode whereby formation of an oxide layer (in solid form in case of tin'~" or in liquid form

()6,67)

—in case of antimony™"') causes subsequent deterioration of the cell.

Consequently, this chapter aims to demonstrate typical operation of LTA SOFC in EC
modes whereby electrochemical oxidation of liquid metal at the anode / electrolyte
interface, followed by chemical oxidation of fuel by metal oxide in the bulk of the metal

takes place.

6.4. Experimental procedure
Experimental work has been done by operating SOFC with liquid tin anode in mode EC
(Figure 6.2 ¢, d). In modes EC there was no lower potential limit which is set by the Sn-
SnO, couple in case of CE mode and the upper limit was set by generation of electronic

. . 129
cartiers in YSZ .

A gaseous mixture of hydrogen and dry nitrogen (4% H,: 96% N,) was supplied to the

working cell (Figure 3.6) held at operating temperature (760 °C) by an electric furnace.

The working electrode (25 g of tin) was contained within a closed-end 8YSZ tube.
Electrical connection to the working electrode (WE) was achieved using a glassy carbon
rod immersed within the liquid tin inside the YSZ tube. Platinum counter and reference
electrodes were painted on the outer side of the YSZ tube and sintered at 1000 °C for 2

hours. The total electrode (cathode) area was 1.54 cm®.

6.5. Oxidation of hydrogen in LTA SOFC
operated in mode ECI/EC2

Operation of LTA SOFC in mode EC1/EC2 was petrformed to demonstrate how the
formation of a blocking layer affects the performance. The applied potential was stepped
from OCV (-1.0 V to -0.2 V vs. air electrode (RE)). The current response was monitored

with time for 600 s at each set potential.

Since the measurements were performed using the anode (tin) as working electrode and the
cathode (air electrode) as counter and reference, the OCV value measured was negative.
However to be in agreement with theory and convention, the voltage values are shown
positive (Figure 6.4). The current values were dependent upon the effective potential sweep

rate and as a result, an uncertainty on the current values has no real significance.
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1.0qe . .
Formation of blocking layer (SnO,)
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Figure 6.4. The effect of applied potential on current density in LTA SOFC in modes EC1 and EC2 with
subsequent formation of a blocking layer (SnO2) at 760 °C.

The obtained OCV of 1.0 V indicated relatively fast dissolution and transport of H, within
the melt to the liquid tin/ electrolyte interface to participate in electrochemical reactions,
which was in agreement with findings reported earlier””. Upon polarisation of the anode the
current density has reached its maximum point of 27.5 mA cm” at ca. 0.7 V and gradually
reduced back to neatly zero. At that point the decline in current density was due to
formation of blocking layer of SnO, which could not be consumed by H, due to slower
oxidation reaction kinetics and also limited diffusion of H, within the melt™. When

potential was reversed the cell did not recover with constant low current density.

Similar I-V curve for H, fuelled LTA SOFC was reported by Wang e# a.” whereby the
forward scanning curve was much greater than the backward curve in the polarisation
curve. Wang e/ al. suggested that greater diffusion rate of hydrogen in liquid tin compared
to consumption rate of hydrogen was evident. This argument indicated that hydrogen
consumption rate of metal oxide was lower than rate for oxidation of tin to tin dioxide, as

suggested earlier in the classification of modes of operation.

The shapes of reported and present (Figure 6.4) polarisation curves was similar albeit the
“turning point” due to accumulation of SnO, layer was higher than in the case of Wang ez
al” (0.70 V vs. 0.25 V). The measured current density respective to this point (ca. 27.5 mA
cm?) was significantly lower compared to 400 mA cm®. This was probably due to
variations in loading of tin and enhanced electrolyte specifications. As such a single crystal
13 mol.% YSZ electrolyte with increased roughness loaded with only 2.0 g of tin (vs. 25 g
of tin in present work) was applied. As stated by Wang e# a/.”, the electrolyte roughness

enhances the reactive area and thus improves the performance of a LMA SOFC®. Since
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the aim of this experiment was not to maximise performance, but to clarify the transport of
H, within molten tin and demonstrate its oxidation, the cell was designed with thicker
anode as well robust and thick electrolyte (2000 pm vs. 500 pm) to withstand the weight of
tin. As a result, upon increase of the thickness the electrolyte, the membrane resistance was

also greater in the present work.

Operation in mode EC1/ECZ2 is not the main focus of this thesis. Careful probing in
operation of LMA SOFCs in mode EC1/EC2 is needed and further experimental studies

are required to provide better understanding of the system.

6.6. Conclusions
Four possible mechanisms for oxidation of gaseous fuel (hydrogen) in liquid metal anode
SOFCs depending on the reaction conditions were proposed. In order to investigate fuel
oxidation process within the molten metal operation of LMA SOFC in CE mode is
advantageous compared to other modes, as it simplifies the system and no blocking layer

can be formed.

However, typical characterisation of LMA SOFCs is performed by application of EC
modes, where electrochemical oxidation of liquid metal at the anode/ electrolyte intetface,
is followed by chemical oxidation of fuel by metal oxide in the bulk of the metal. Upon
extensive polarisation of a LMA SOFC, the rate of electrochemical oxidation of liquid
metal increases and exceeds the rate of metal oxide reduction with fuel, which leads to the

formation of a blocking oxide layer.

Therefore, operation of LTA SOFC in EC modes was demonstrated. The measured
polarisation curve contained a so-called “turning point” of potential, after which the
current density reduced dramatically and the fuel cell performance did recover. The decline
in current density was explained by the formation of a SnO, layer which blocked the
reactive liquid tin/ electrolyte interface. The shape of the measured polatisation curve was

similar to those reported in the literature”.

In order to eliminate the problems with a blocking layer albeit investigate significant
parameters for fuel oxidation within the liquid metal the LTA SOFC will be run in CE

mode, which is presented in the next Chapter.
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7. Oxidation of hydrogen
in LTA SOFC in mode
E/CE

This chapter investigates oxidation of hydrogen in LTA SOFC operated in electrochemical
(E) and/ot chemical - electrochemical mode (CE). An electrochemical model developed
originally was based on solubility of hydrogen governed by Henry’s law, followed by
diffusion of H, to the liquid anode / electrolyte interface and its direct electrochemical
oxidation. The model required substantial volume of hydrogen to be trapped above the
liquid tin anode. This could only be possible if H, and bubbled gases form a metallic foam

above the tin.

To examine the possibility of a foam, two main experiments were performed: the first
involved detection via electrical resistance of a possible foam; the second involved
application of a silica tube for visualisation of a liquid tin anode bubbled with H,/Ar
mixture. As no foam was found, the first model that considered the E mode (direct anodic
oxidation of H,) was considered incorrect and replaced by the model developed for CE

mode operation.

A refined electrochemical model is then developed based upon fast dissolution of
hydrogen in a molten tin anode, slow, rate-determining homogeneous reaction of hydrogen
with oxygen dissolved in the liquid tin, followed by anodic oxygen injection under diffusion
control to replace the oxygen removed by reaction. Experimentally-generated data are used
to validate the model. The model has introduced a new key parameter, the dynamic oxygen
utilisation coefficient (Z), which takes a value between zero and unity; its value is
determined by geometric, mass-transfer and kinetic factors in the cell as well as the partial
pressure of the supplied hydrogen fuel. Current output of the cell is proportional to the

value of Z.
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7.1. Introduction

Despite the remarkable advantages of LMA SOFCs there are certain technological

30 One of the main issues is the lack of

challenges which inhibit commercialisation
fundamental understanding of the mechanisms of reaction and transport of active species

(i.e. reactants and products) within a liquid metal electrode’.

Development of molten anode SOFCs requires detailed investigation of the fundamentals
of operation. As such, a first step towards operation on direct solid fuel is the use of a
simple gaseous fuel such as hydrogen operated in E or CE mode, (Chapter 6, Figure
6.2a,b). Such an approach is adopted here. Other approaches to the elucidation of anode
processes in LME SOFCs include the Rotating Electrolyte Disc (RED)'” which offers the
prospect of allowing the parameters controlling mass transport of dissolved species in the
melt to be studied. Operation in mode E or CE provides a simpler system compared to
other modes. It most importantly sets aside concerns with blockage of electrolyte with

metal oxide.

Therefore, this chapter aims to explore the dissolution of hydrogen and its subsequent
oxidation in LMA SOFC. The approach used here is also applicable to other fuel gases (e.g.
CO). The electrochemical model developed in this work provides a framework for the
interpretation of the generated experimental data. In developing the theory, an important
parameter, Z , is introduced which takes a value between zero and unity; the factors

determining the value of Z ,are discussed in Section 7.06.

7.2. Experimental procedure
In the present chapter, all experimental work entails operation in mode E / CE (Chapter 0,
Figure 6.2a,b). The lower potential limit of mode £/ CE was set by the Sn-SnO, couple

and the upper limit by the generation of electronic carriers in YSZ'%,

The system was operated at a constant temperature of 780 °C; dry or humidified
hydrogen/ argon was bubbled into the tin and the working electrode was held at -0.90 V
versus an air reference. A schematic of the experimental rig used in this work is shown in
Figure 3.2. Dty or humidified (3% water) argon was supplied to the oxygen sensor after
which it was mixed with hydrogen and supplied to the cell (Figure 3.6) held at operating
temperature by an electric furnace. Gases entered and exited the cell via alumina tubes with
internal diameter 2 mm, the inlet tube being immersed in the liquid tin to a depth of

approximately 15 mm so that the gas bubbled through the liquid tin.
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The working electrode (25 g of tin shot) was contained within a closed-end 8YSZ tube.
Electrical connection to the working electrode (WE) was achieved using a glassy carbon
rod immersed within the liquid tin inside the YSZ tube (Figure 3.6). Platinum counter and
reference electrodes were painted on the outer side of the YSZ tube and sintered at 1000
°C for 2 hours (ramp rate of 10 °C per minute). Current collection from the cathode and
reference electrode was achieved using platinum mesh and wires. The total electrode (CE)

2
area was 1.54 cm”.

7.3. Oxidation of hydrogen in LTA SOFCs in
mode E/CE

Dissolution of hydrogen and its oxidation in LMA SOFC was investigated using the
working cell operated in mode E / CE. Experimental investigations were first performed
to assess the effect of hydrogen partial pressure in terms of current generation and
dynamics associated with changes in hydrogen concentration. These results were then used
in support of an analytical modelling analysis. However, before conducting these
experiments, it was necessary to assess the low levels of oxygen present in the system

which cannot be totally excluded, and take account of the effect on the electrochemistry.

7.3.1. Assessment of the effect of residual oxygen
A potentiometric oxygen sensor enabled the level of oxygen into the argon line to be
monitored. In order to account for the contribution of oxygen reduction current to the
overall measured current, the following procedure was performed and repeated prior to

each test run in this work.

Initially, to remove residual SnO, present in the working cell, a mixture of 3% H, and 97%
Ar was supplied for 600-900 s. A potential of -0.90 V vs. air electrode (RE) was then
applied to the working electrode while simultaneously switching the gas flow to argon with

no added hydrogen (Figure 7.1).
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Figure 7.1. Anodic current at -0.90 V vs. RE at 780 °C (immediately after switching from 3% to zero Hb).

The current decreased slowly to zero and then eventually to a steady negative current,
lcathodics this negative current was due to the parasitic level of oxygen in the system (-1.0

mA in Figure 7.1).

The current at zero hydrogen input, icqthogic, Was measured throughout the experiments
presented in this work; anodic current data were corrected in each case for the individual

measured value of izqthodic-

7.3.2. Oxidation of hydrogen in LTA SOFC
Hydrogen of partial pressures from 8 to 26 kPa was supplied to the LMA at 780 °C. A
potential of -0.90 V vs. air electrode (RE) was applied. The anodic current was monitored
with time while p(H,) was increased step-wise from zero to 8, 15 and 26 kPa (Figure 7.2a)

and likewise was reduced from 26 kPa to zero (Figure 7.2b).

12
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Figure 7.2. Anodic current at -0.90 V vs. RE at 780 °C with increase of p(Hz) from 0 to 26 kPa (a); and with
decrease of p(H2) from 26 kPa to 0 (b).
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The same procedure was repeated, varying the total flow rate while maintaining a constant

p(H,), as shown in Figure 7.3.

constant flow of p(H,)=20 kPa

8_ -1 -1
TF2.3mls ‘TF 2.9 ml STF 15mls?

<
E 6-
=
2 Ip(H)=11kP
3 4] TF23mis,
24 — i at-0.90 Vvs. RE

anodic

6 8 10 12 14 16 18 20 22
Time / 10° s

Figure 7.3. Anodic current with variation of p(Hz) and of total flow rate (TF) at 780 °C.

The results in Figure 7.3 confirm that changes in total flow rate (shown as TT in Figure 7.3)

had only a minimal effect on the measured steady anodic current.

Steady anodic currents as a function of p(H,) with various total flow rates and direction of

p(H,) modulation are summarised in Figure 7.4. The currents shown have been corrected

for parasitic oxygen reduction current, 7 , . (see Section 7.3.1). The estimated accuracy of
p yg > “cathodic Y

measured currents is = 50 pA.
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Figure 7.4. Steady anodic oxidation current as function of p(Hz) with varying TF and direction of change of H;
composition (ascending / descending), all at 780 °C.
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Proportionality between steady oxidation current and H, partial pressure with no hysteresis
and no significant sensitivity to total flow rate was evident (for the range of flow rates

studied, 1.5 — 3.2 ml s™). Further refinement of the analysis is performed in Section 7.6.1.

7.4. Electrochemical model for £ mode

Initial results, shown in Figure 7.2 -Figure 7.4, demonstrate three significant points:

1) steady anodic currents were proportional to hydrogen partial pressure (this is
refined later in the chapter);

i) steady anodic currents were essentially independent of total gas flow rate;

i) following step changes in hydrogen partial pressure, the current-time behaviour
displayed a gradual and progressive change between the two endpoints, which

appeared to be exponential in character.

In order to encompass these indicative effects an electrochemical model for E mode

operation has been developed with the assumptions made as follows:

a) the process (anodic oxidation) is diffusion-limited so that the concentration of
hydrogen at the interface is close to zero at the chosen operating potential of the
anode;

b) the solubility of hydrogen in tin accords with Henry’s law (bearing in mind point i);

¢) the dissolution of hydrogen in tin is governed by a first-order rate equation;

d) diffusion of H, to the electrolyte interface occurs through a diffusion layer of
constant thickness, 8, as a result of convection induced by bubbling and thermal
effects;

e) the system is considered to be in quasi-equilibrium.

A summary of the model is shown below. Complete derivation of the model is shown in

Appendix C.

In the theoretical treatment in this series, hydrogen is denoted by single prime superscript,
for example ¢. Consider the following: hydrogen is bubbled through the liquid tin at partial
pressure p,, a potential, F, is applied to the Sn / YSZ interface and a steady current, 7,, is
observed. The partial pressure of H, is then increased to p, and the current, 7 increases

with time and eventually stabilises at 7, (Figure 7.5).
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Figure 7.5. Schematic of the step change in p(H;) during oxidation at applied potential in the E/ CE mode of
operation.

When H, at partial pressure of p, is bubbled through tin, it dissolves in the tin and
eventually saturates the solution; the saturated concentration of H, is ¢,". The general
unsaturated concentration is written as ¢. The anodic oxidation of H, at the liquid tin /
YSZ interface is as follows:

H, + 0>~ & H,0 + 2e~ (7.1)
For a sufficient total flow rate of gas, the rate of dissolution of hydrogen in the tin is
proportional to the difference of the saturated concentration and the actual concentration

at any given time.

The rate of anodic oxidation of H, via reaction (7.1) is (i/#F) where 7 is the number of
electrons transferred per hydrogen molecule, i.e. » = 2. If the amount of H, (in moles) in

the tin is expressed as N, we may write:

AN' 72
o =l —c)——

where £, is the rate constant for dissolution.

dN’
dt

When ¢’ =¢5 , i =i, and = 0; note that ¢; < ¢’

It follows that:

# i
ki(c;' —c3) = Z/nF

and

f_ o b2 (7.3)
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Based on assumption (i) the current, 7 is controlled by diffusion through the diffusion layer

of thickness 6. The flux, J, is given by Fick’s first law, which is expressed as:

D'Ac’
)

J =

(7.4)

where D’ is the diffusion coefficient, .4 is the area of the interface and ¢’ is the

concentration of hydrogen.
Equating the flux with current, i via Faraday’s law:

i

I'="3F
Combining (7.4)and (7.5) leads to:
~ nFD'Ac’
TS
This will be written as:
i = kyc'
where £,is given by:
, nFD'A
26
From (7.7):
iy, = kjcy
Eliminating 7, between (7.3) and (7.7 a):
o Jac
2= % ThF k1
Rearranging:
o =—
(14 )
Write:
K\
v = (1)
Then
c;=w'cy
By the same reasoning:
g =w'cy

Eliminating 7 between(7.2) and (7.7):
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dN’—k’ L k(1 + ks
dr oz Thac k\nF

Using (7.10) and (7.11) leads to:

dN' _ k1 (, " (7.13)
dt ~ w' ©=c¢
Furthermore:
dc’ _ 1dN’' (7.14)
dt V dt

where 17 is the volume of the solution.
Combining (7.2) and (7.14):

dc’_ k1 @ ,)
dt — Vw' 2-¢

Rearranging and integrating (the switch from p, to p, occurs at #,):

(7.15)

!

¢ dc’ ki [t
- —~—=—1 dt
o (cg=c) vw' ),

(c;—c") kg (7.16)
" vw T

—1

From (7.7) it follows that:

(i — 1) kl, =) (7.17)
w

!

In a steady-state condition ddl\; = 0 and equation (7.11) shows that ¢’ = w'c*'; using (7.7)

i, =w'kjc) (7.18)
Applying the assumption that Henry’s law is applicable to the system:
¢ =kip' (7.19)

where k3 is a constant for a given temperature.

Thus:
i, =w'kyc; =w'kykip; (7.20)
Predictions from model for E node:
1) Steady current is proportional to hydrogen partial pressure (Equation (7.20)).
1i) Plot of In ,iz_i versus 7/ should show a straight line of slope - it - through the
lp—1q Vw

. . . . vw' . .
origin (according to Equation (7.17)). Note that i the time constant for the
1

curve of 7 versus #when a step-change is made in hydrogen partial pressure.
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Comments regarding the parameter w’

The significance of the parameter » requires brief consideration; it does not have
fundamental significance as it depends upon geometric factors of the cell. However, it is
important, as its value is required for analysis of the data as is shown later. Equation (7.10)
indicates that the value of  is a measure of the balance between ki and k3, in other words
between the rate of dissolution of hydrogen in tin and its rate of removal by anodic
oxidation.

Three possible situations may be identified:

a) w' =1 - at steady state, concentration of hydrogen in the bulk of the tin electrode
is close to the saturation value for a given hydrogen partial pressure;

b) w' 1 - at steady state, concentration of hydrogen in the bulk is very small (much
less than saturated value) and current is removing hydrogen by anodic oxidation at
the same rate as hydrogen is dissolving into the tin at its maximum rate (because
the bulk concentration is close to zero);

¢) 0.1 <w'<0.7 this is the intermediate case

7.4.1 Determination of the apparent solubility of
hydrogen in liquid tin using model for E
mode
Electrochemical modelling of hydrogen dissolution and anodic oxidation in liquid tin
suggested the way for the apparent solubility of hydrogen in molten tin to be calculated.
Calculation of apparent solubility is employed in this section. An expression for the
number of moles of dissolved hydrogen in tin may be derived using the Equations (7.7 a),

(7.10) and (7.11) presented above.
Eliminating C; between (7.7 a) and (7.11) leads to:

i, =kyw'cy (7.21)

Rearranging (7.10)

o (1-w (7.22)
kz = klnF ;

Substituting for kg from (7.22) to (7.21):

!

’ k
i, =0 —-w)nFkic; = <V_VI1/'> w'(1 —w")VnFc}
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vw'

C;’ =i, <T> [W’(l — WI)V'I'IF]_1
1

(7.23)

This is an expression for the solubility of hydrogen in tin in terms of the steady current, 7,
the time constant, '/, the volume of tin, 1, and the parameter w. Alternatively, the
number of moles of hydrogen dissolved in the tin is given by ¢, I as follows:

'V =i, <Vk—vl"> [w'(1 —w")nF]t (729
Initial measurements indicated that for an applied potential of -0.90 V vs. RE, »' lies within

the range 0.2-0.8; thus, »(1-») lies in the range 0.16-0.25.

The mean value of £,/17%, which is the inverse of the time constant was reported to be
(1.2, £0.1)) X 107 s (see Table 7.1). The slope of the line of anodic steady current Lipugp VS-

p(H,) (Figure 7.4) indicated that for 100% hydrogen at 0.1 MPa pressure, 2, is 42 mA in tin
at 780 °C.

Inserting these values into equation (7.24) reveals a value for ¢, 7 of 0.7-1.1 X 10” moles
of hydrogen in 25 g of tin. This figure translates into (2.8-4.4) X 107 moles of H, in 100 g
of Sn or 0.47 — 0.75 at.%. Hence the lower limit of this range (0.47 at.%) exceeded the
solubility of [H] in 100 g of tin reported by Iwase™® 34 times and by 5200 times value given
by Bever e al.”’ reported by Abernathy ez a/’(see Chapters 2 and 8 - Sections 2.3.3 and 8.1,

respectively).

Considerable difference between measured and reported solubility of H in liquid tin could
be explained if all volume of H, along with carrier gas were trapped inside liquid tin in a
form of foam. The foam would effectively store hydrogen and for a given volume of foam,
behave as if the gas were dissolved with solubility proportional to the partial pressure of
the supplied H,. An investigation aimed at the detection of foam was undertaken and

described in the Section below.

7.5. Investigation of a possibility of a metal foam

in LTA SOFC

Two mechanisms for oxidation of hydrogen in LTA SOFC in the potential window where
SnO, cannot be formed have been proposed in the previous Chapter (£ mode and CE
mode). Experimental work presented in this section has been done to validate or rule out
one of the mechanisms (E mode) which would necessitate the existence of persistent
metallic foam above liquid tin anode. This requires that foam is induced by bubbling of

gaseous mixture of H,/Ar through liquid tin at high temperatures. A specially-made set-up
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was developed to measure electrical resistance between two glassy carbon rods (one of
them inserted into tin and one above the pool of liquid tin). Development of an apparatus
with moveable electrical probe was of technological significance. It allowed the GC rod to
move freely vertically while maintaining the atmosphere above tin free of oxygen.

A metal foam would display electronic conductivity though with lower magnitude than that
of the liquid tin'”. Initial measurements with an unsheathed dipping GC probe indicated
some conductivity above the tin pool suggesting the presence of a foam. However, when
the dipping probe was subsequently sheathed with a alumina tube leaving only the tip of
the GC exposed, preventing the probe from contacting the inside surface of the zirconia
tube directly, electronic continuity was no longer found. This latest experiment showed that
the continuity initially observed was due to conduction via the zirconia tube together with
some electrochemical reaction at the surface of YSZ tube. Absence of a foam was
confirmed by viewing liquid tin, through which gas was bubbled, using a transparent silica
tube in place of the zirconia tube; no metal foam was observed above the liquid tin pool
(with and without zirconia chips in the tin). Hence the E mode, requiring the existence of a

persistent tin foam, was rejected as a primary mechanism for the oxidation of hydrogen.

7.5.1. Introduction
In Section 7.3 the oxidation of hydrogen in a LTA SOFC was investigated involving the
bubbling of a hydrogen / argon mixture into molten tin. The obtained results suggest two

possible mechanisms:

(i) The first mechanism involves the anodic oxidation of hydrogen at the YSZ / tin
interface (E mode). The model developed requires that dissolution or incorporation of
hydrogen into the tin occurs according to Henry’s law, i.e. the amount of hydrogen ‘stored’
in the tin is proportional to the hydrogen partial pressure in the gas mixture. Furthermore,
the amount of hydrogen ‘stored’ is 2 or 3 orders of magnitude greater than literature values
for the solubility; also dissolution is known to obey Sievert’s law, i.e. the solubility is
proportional to the square root of the hydrogen partial pressure. A possible explanation of
the findings is that the hydrogen / argon gas is incorporated in the molten tin in the form

of a persistent foam.

() The second mechanism involves homogeneous oxidation of hydrogen (the
concentration of which obeys Sievert’s law) by oxygen dissolved in the molten tin with no

requirement for foaming (CE mode).

Thus the presence or absence of a foam provides a means of distinguishing between the

two proposed mechanisms. It is the purpose of the work set out in this chapter is to show
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whether or not a foam is formed when hydrogen/ argon gas mixtures are bubbled through

liquid tin at the operating temperature of a LTA SOFC.

7.5.2. Background
Solid foams are highly porous materials with useful mechanical properties such as high
stiffness, low specific weight, high gas permeability and low thermal conductivity'**'>.
Among man-made cellular materials, polymeric foams attain widest applications in almost
every sector of the industry™*. The phenomenon of foaming in metals and metal alloys was

. 13
discovered only recently'™.

There are many production methods of cellular metallic materials depending on the state of
the metal from which the foam should be manufactured (i.e. metal vapour, liquid metal,
solid metal in powdered form and metal ions)'**. From liquid metal (which is the interest in
the current study) foams can be manufactured via direct foaming with gas, direct foaming

with blowing agents, powder compact melting, casting, etc.”

Direct foaming of metals is based upon bubbling of gas into liquid metal while adding fine
ceramic powders used to stabilise bubbles and prevent their escape increasing the viscosity

134

of the melt ™. Direct foaming with gas can be achieved using two methods: injection of gas

into liquid metal and in-situ gas formation via addition of gas blowing agents that release

gas during in the melt"*,

Potentially most of the metals such as zinc, lead, tin, and even gold can foam"’ with the aid
of blowing agents that decompose at certain temperature (usually close to the melting point
of the metal or metal alloy) causing formation of bubbles in metallic structure. The rapid
cooling of such structures is then required to obtain the desired metallic foam. The typical
blowing agents for zinc and aluminium based alloys are zirconium hydride and titanium
hydride'”.

Metallic foams are widely used for various applications, such as automotive and aircraft
industry, construction of lightweight materials, military armour vehicles, etc.”" The
structure of metal foams (2D or 3D) is investigated using various z-situ and ex-situ physical
characterisation techniques such as X-ray radioscopy, electron and optical microscopy, X-

ray tomography, etc.)”> ",

Several studies have attempted to examine the effect of porosity (relative density), size and

cell morphology on electrical conductivity of foamed metals™'™*,

Unlike pure metals,
metallic foams have reduced relative density (greater porosity). As a result, the cross section

for the conduction path in the foam is reduced'' which leads to a decreased electrical
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conductivity. Hence, with increased tortuosity'* of the current path, electrical resistance in

foams is increased.

This section presents experimental results that lead to clarification as to whether there was
any tin foam generated by bubbling of hydrogen and argon mixture through liquid tin
anode. Due to the porous nature of metal foam, lower electrical conductivity compared to
pure metal is expected. Therefore an existence of tin foam is investigated by measuring
electrical resistance between two electronically-conducting probes: one of which is inserted
deep into the liquid tin, and the other one moved freely above the liquid tin. To confirm
the results obtained from electrical resistance measurements visualisation of any potential

foam was also carried out.

7.5.3. Experimental procedure
Experimental set-up and major parts of the cell containing tin were similar to the ones
described in Chapter 3. Some modifications to the original set-up were made to observe
metallic foam above the liquid tin. The cell holding the tin was either yttria-stabilised
zirconia (YSZ) or silica. The former was applied in the measurement of electrical resistance
of the foam, while the latter enabled a visual examination for evidence of a foam above the

tin pool.

7.5.3.1. Electrical resistance apparatus
Electrical resistance of metallic foam has been measured using an apparatus that contained
a custom-built holder and 8YSZ tube. Electrical resistance was obtained via supply of a
constant current (100 uA) of both polarities via the circuit with two GC rods inserted into
the 8YSZ tube: stationary rod was in contact with tin, while moveable rod was supposed to
be in contact with foam. The supply of constant current was achieved using either an in-

house built electronic circuit with negative feedback loop shown in Figure 7.6 or a

potentiostat.
15V
DPDT
reversing
switch
i - l irev
14 kQ iren N
— LOAD
RL
d
OA
1kQ +

[

Figure 7.6 Electronic circuit with a 741 operational amplifier and a reversing switch for supply of current of both
polarities (100 pA and -100 pA).
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7.5.3.2. Gas tight holder for moveable GC rod
Electrical contact to tin was achieved using a 3 mm diameter GC rod throughout the
project. Initially two GC rods of the same size were applied in contact resistance
measurement. To move one of GC rods freely inside the tube (as precise level of foam
above tin pool was unknown), a custom-built holder made of pyrophyllite was developed.
Pyrophyllite cylinder (30 X 20 mm) was cut and drilled using a CNC machine to the desired
size. The holder had to accommodate not only usual fuel cell compartments (inlet and
outlet alumina tubes, fixed GC rod, thermocouple probe), but one extra moveable GC rod.

The holder had to be gas tight and allow the moveable rod to be lifted up and down easily.

Both requirements were met with the aid of 2.5 mm inner diameter, 1.5 mm cross section
Nitrile O-ring (Polymax Ltd., UK) glued to the top of pre-drilled pyrophyllite holder with
silicone sealant (Silicoset 152, ACC Silicones Ltd., UK) (Figure 7.7). The Nitrile O-ring
chosen for its wide operating temperature range of -30 to 120 °C'** prevented any gas leak
yet allowed the GC rod to be moved up and down freely. The ready holder was glued to

the top of 8YSZ tube with silicone sealant.

Qutlet hole
Moveable GC rod

Inlet hole

Nitrile O-ring rophyllite holder

Thermocouple hole

Figure 7.7 Gas tight pyrophyllite holder with O-ring that enabled free movement of GC rod.

In a second arrangement to prevent any electrical contact between moveable GC rod and
8YSZ tube, the former was placed inside a sheath made of alumina tube. Due to a limited
space smaller GC rod (1 mm diameter) was placed inside 3 mm outer diameter alumina
tube (Multi-Lab Ltd., UK) protruding only 5 mm at the bottom end to ensure no contact
with the YSZ tube. Sheathed GC rod could be lifted up and down to check upon the level

of foam and/or tin in the same manner. Because of the delicacy of 1 mm thick GC rod a
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platinum wire (0.25 mm diameter) (Peak Sensors Ltd., UK) was glued to the top of the rod
using the silver loaded epoxy adhesive (RS Components Ltd., UK) and used for electrical

connection (Figure 7.8).

Figure 7.8 Apparatus for electrical resistance measurements: closer look of pyrophyllite holder with O-ring and
moveable GC rod sheathed in alumina tube (a); complete cell with 8YSZ tube filled with tin shots, alumina inlet
and outlet tubes, stationary and moveable GC rod sheathed in alumina tube (b).

7.5.3.3. Silica tube apparatus
For visualisation of foam 19 mm outer diameter and 15 mm inner diameter silica tube
(Cambridge Glassblowing Ltd., UK) was applied. Silica tube was chosen due to its
transparency, ability to operate continuously at 1000 °C and high resistance to thermal

1
shock'",

The cell was filled with 25 g of tin shots and contained one inlet (4 mm outer diameter) and
one outlet (2 mm outer diameter) alumina tubes for gas inlet and outlet and pre-drilled
pyrophyllite holder (Figure 7.9a). The second silica cell employed in this work was identical
to the first one with extra 5g of 8YSZ chips (Dynamic-Ceramic Ltd., UK) mixed with tin
shots (Figure 7.9b).
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Qutlet alumina tube

Figure 7.9 Experimental cell for visualisation of the metal foam consisted of silica tube (filled with tin shots),
alumina inlet and outlet tubes (a); identical s tube (filled with tin shots and 8YSZ chips), alumina inlet and
outlet tubes during the operation at 300 °C (b).

A schematic of the experimental rig used in this work is shown in Figure 7.10. Dry argon
(zero grade, BOC UK) was supplied to the oxygen sensor (Kent Industrial Measurements,
UK) after which it was mixed with hydrogen (zero grade, BOC, UK) and supplied to the
cell (made of either silica or 8YSZ tube) held at operating temperature by an electric
furnace (Carbolite, UK). Gases entered and exited the cell via alumina tubes with internal
diameter 2 mm, the inlet tube being immersed in the liquid tin to a depth of approximately
15 mm so that the gas bubbled through the liquid tin. The use of stationary and moveable

GC rods (unsheathed and sheathed in alumina tube) was optional.

115



Oxidation of hydrogen in LTA SOFC in mode E/CE
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Figure 7.10 Process flow diagram for observation of metal foam during the oxidation of hydrogen in LMA SOFC
(foam shown subsequently found not to be present).

7.5.4. Experimental results and discussion
The following experiments were performed to investigate the possibility of formation of tin
foam when gaseous mixture of H, and Ar was supplied to the liquid tin anode SOFC. The
measurement of electrical resistance between two glassy carbon probes in 8YSZ tube was
conducted. Continuity detected above the tin pool was initially attributed to the presence of
metallic foam. Electrical resistance was re-measured in 8YSZ tube with moveable GC rod
in alumina sheath. The later result confirmed a negative result of existence of metallic foam
above the tin pool. To confirm this finding a silica tube cells filled with tin shots and later
with 8YSZ chips were applied. No foam was found in silica tube apparatus, which

confirmed observations found in 8YSZ tube.

7.5.4.1. Electrical resistance measurements
The LTA SOFC cell was heated up to 800 °C at a ramping rate of 5°C per minute with no
supply of gas. Once tin was completely melted (at 300 °C) a 100 pA current was passed
through two probes using potentiostat and small electronic circuit and resistance between
two probes (glassy carbon rods) was measured by lifting one of the rods up and down to

detect the level of pure tin (Figure 7.11). After 300 °C, the flow of 0.77 ml s' H,/Ar
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gaseous mixture was supplied to the cell to bubble through liquid tin until the cell
temperature reached 800 °C. The flow of gases was then stopped, and resistance between
two probes was measured again (Figure 7.11a). Note that resistance measured using both

potentiostat and built electronic circuit was the same.

From Figure 7.11 it can be deduced that the height of pure tin was ca. 25 mm (which
corresponds to 25 g of tin in 15 mm inner diameter tube). When continuity was measured
at 800 °C there was some high resistance measured above 25 mm (i.e. above the level of
pure tin). That high resistance was attributed initially, though incorrectly, to the presence of

metallic foam above tin layer.

7 7
J [ ]
6 6
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Figure 7.11 Resistance measured between two probes inside molten tin at 300 °C (at no gas bubbling) and at 800
°C after gas bubbling as a function of height of liquid tin: using unsheathed GC probe (a) and using sheathed
GC robe (b).

The experiment was repeated with 8YSZ tube with sheathed moveable GC rod illustrated
in Figure 7.8. No continuity was detected between probes above tin layer (Figure 7.11b).
The obtained results served as an important confirmation for the absence of foam during
the oxidation of hydrogen in LTA SOFC. Further confirmation was obtained using a silica

tube apparatus.

7.5.4.2. Elucidation of tin foam in silica tube
The LTA SOFC cell was heated up to 800 °C at a ramping rate of 5°C per minute with no
supply of gas initially. Once tin was completely melted at 300 °C, the flow of 0.77 ml s
H,/Ar gaseous mixture was supplied to the cell to bubble through liquid tin until the cell
temperature reached 800 °C. After 2 hours of bubbling gases into liquid tin the cell was
lifted up to check for the formation of foam (Figure 7.12a). As no evidence of foam was
found, 5 g of 8YSZ chips were added to the silica tube to see if that aided the formation of

a foam (Figure 7.12b). However, in both cases no foam was observed.
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Figure 7.12 Silica tube apparatus in-operando with no metallic foam above tin: with inlet and outlet tubes (a)
and with added 8YSZ chips (b).

The result shown in Figure 7.11a was a false indication of the existence of a foam. Upon
movement the GC rod was in contact with YSZ surface. An electrochemical reaction that
takes place at the surface of YSZ could lead to a current flow in that circuit.

One possible reaction at the surface of YSZ can be as follows:

2H, + 202~ & 2H,0 + 4e” (7.25)

As supplied gas (H,) was dry (no water was present to be reduced) the other reaction that
takes place at YSZ surface is as follows:

0, + 4e™ - 20%" (7.26)

Hence the observed continuity was not due to foam, but due to the flow of current caused

by some electrochemical reaction taking place at the YSZ surface.

Interestingly, when polarity of the cutrent flow was altered using both potentiostat and/or
built electronic circuit the resistance measured in the directions was significantly different.
In one direction certain resistance (from 0.3 to 2.5 MQ) (Figure 7.11) was measured, while
in other direction — extremely high resistance was obtained (and for that reason those data
were not included). The observed ‘diode phenomenon’ could be explained by the fact that

one of the proposed reactions was of high impedance compared to the second one.
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In addition, as operating temperature was raised, the ionic conductivity of 8YSZ tube was
increasing'® that lead to a reduced resistance between two probes in Figure 7.11a with

temperature.

To sum up, no metallic foam was formed during the supply of H,/Ar gaseous mixture into
the liquid tin. The work conducted allowed the first mechanism for anodic oxidation of
hydrogen at YSZ/ tin interface to be ruled out. Therefore, the second mechanism on

homogeneous oxidation of hydrogen in liquid tin is going to be considered instead.

7.5.5. Concluding remarks
The presence or absence of metallic foam caused by bubbling of hydrogen/ argon gaseous
mixture through the liquid tin in LTA SOFC has been examined using two experimental

set—ups.

First, formation of a foam above tin level was tested using a custom-built electrical
resistance apparatus in which resistance between two GC rods inserted into YSZ tube was
measured. This was achieved using a special holder to fix GC rods whereby one of them
was in contact with tin, while the other moved freely to detect the level of foam. The
significance of the set-up was that it allowed one GC rod move freely, while kept the

internal tube’s atmosphere inert.

Electrical continuity detected between two probes appeared to indicate that some foam was
formed above the tin layer. This observation was later re-considered when a set-up with

sheathed GC rod was applied and no continuity was detected.

Initially observed continuity was not due to expanded volume of tin and formation of a
foam, but due to electrochemical reaction taking place at the YSZ surface and the fact that

moveable GC rod was in electrical contact with the surface of the YSZ.

To confirm the absence of the foam above the tin layer, a similar experiment was
petformed using a transparent silica tube apparatus. Supply of hydrogen/argon mixture
into liquid tin held in silica tube showed that no foam can be formed. Addition of 8YSZ

chips to the silica tube had no effect on formation of foam either.

The obtained findings served as a basis for the elimination of one of the proposed
mechanisms for oxidation of hydrogen in LTA SOFC. Following that, the electrochemical
model (and its assumptions) developed for the analysis and interpretation of oxidation of
hydrogen in liquid tin anode SOFC in the previous Section would require re-consideration
in accordance with the second proposed mechanism. The revamped model (with new

concepts and assumptions) is presented in the next Section.
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7.6. Electrochemical model for CE mode

The model for E ' mode was based upon dissolution of hydrogen according to Henry’s law,
followed by its diffusion to the interface and anodic oxidation. That model encounters two

challenges: the first is that it is known'*"'

that dissolution of hydrogen follows Sievert’s
law and not Henry’s law; the second is that it requires the solubility of hydrogen in liquid
tin to be 2 or 3 orders of magnitude greater than reported in the literature. An investigation
aimed at the detection of a foam above the liquid tin was undertaken but yielded a negative

result. Thus model E (direct anodic oxidation of hydrogen) in LMA SOFC is not

applicable to this system.

The second mechanism (mode CE) involves fast dissolution of hydrogen in liquid tin
according to Sievert’s law'* ™" followed by slow (rate-determining) homogeneous reaction
with dissolved oxygen: the observed anodic current is then driven by the reduction in
dissolved oxygen concentration in the melt, resulting in injection of oxygen via the YSZ-

tin interface to replace the oxygen consumed in the chemical reaction.

The chemical reaction for homogeneous reaction of hydrogen and oxygen:

2[H]sp + [O]sn S H,0 (7.27)

The anodic reaction is:

[0%7]ysz S [0]sn + 2e~ (7.28)

The oxygen injected diffuses into the bulk of the tin from the interface.
Intuitively, it was clear that in order to get the required proportionality between steady
currents and partial pressure of hydrogen (found experimentally) and compliance with

Sievert’s law, the following two assumptions were employed:

e The concentration of dissolved hydrogen in liquid tin is the saturated concentration
appropriate to the partial pressure of the hydrogen supplied (bubbled) as a gas and
obeys Sievert’s law.

e The rate of homogeneous oxidation of hydrogen by dissolved oxygen is the rate-
determining step and is governed by a rate equation which is first-order with

respect to monatomic oxygen.

Then to address the mass-transport (diffusion) of dissolved oxygen during its

electrochemical injection the remaining two assumptions were added as follows:
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e The electrochemical kinetics of the electrode reaction are fast so that the
concentration of dissolved oxygen at the YSZ-tin interface is fixed by the applied
potential and is not disturbed by the current flow.

e Diffusion of oxygen away from the YSZ-tin interface, to replace that removed by
reaction with hydrogen, occurs through a diffusion layer of constant thickness as a

result of convection induced by bubbling and thermal effects.

Finally the following assumption was necessary in order to achieve an analytical solution:

e The system is considered to be in quasi-equilibrium.

Consider the same process as in the model for the E mode (Figure 7.5): hydrogen is
bubbled through the liquid tin at partial pressure p,, a potential, F, is applied to the Sn /
YSZ interface and eventually a steady current, 7, is observed. The partial pressure of H, is
then increased to p, and the current, 7, increases with time and eventually stabilises at 7,
Oxygen concentrations within the liquid tin are described schematically in Figure 7.13. In
the theoretical treatment, hydrogen concentration is denoted by a single prime and oxygen

concentration is denoted by a bar.

concentration, €

T & steady value at p’ = 0

steady value at p';

transient value at p’,

r
steady value atp’,

distance from interface, x -

Figure 7.13 Schematic of the dissolved oxygen concentration profile at a given applied potential in the CE mode
of operation. The diffusion layer thickness is shown as 8.

The rate of removal of oxygen via Reaction (7.27) is Vk,¢(c')?, (i.e. k,(c")? per unit

volume of tin) where £,is the rate constant for the reaction and 1”is the volume of tin.
The rate of injection of oxygen via Reaction (7.28) is i/nF (n=2). Thus the net rate of

removal of oxygen via the two reactions is Vk,c(c)? — l/nF' The concentration of

hydrogen, ¢, for given hydrogen partial pressure, p, is given by (according to Sievert’s
law™™):

121



Oxidation of hydrogen in LTA SOFC in mode E/CE

¢ = ey () o (7.29)

where £, is a constant for a given temperature (Sievert’s constant).

Expressing the total amount (gram atoms) of [O] in tin as N, it follows that

aN _ Vky (k)0 + — (-0
dt nF
Applying Fick’s first law to the diffusion of [O] from the interface, the flux, J, is given by:
f=-ba d_E (7.31)
dx

= . e ) . ) dc .
where D is the diffusion coefficient, A is the area of the interface and o s the

concentration gradient within the diffusion layer. So Equation (7.4) becomes (see Figure

7.13):

_ _ (C—C" (7.32)
o)
Equating the flux with current via Faraday’s law:
_ (7.33)
J=F
Eliminating | between (7.32) and (7.33):
. _nFDA & —o (7.34)
L= 5 Cc Cc
This will be written as:
i =ks(c"—=0) (7.35)
where £;is given by:
nFDA (7.36)
3775
In the steady-state situation, when p=p,,€ = &, /=i, and g =0.
So using Equation (7.30):
_ i) (7.37)
Vky(ky)?Copy = —
1(k2)"Cop2 nF
And from (7.35)
Eliminating 7, between (7.37) and (7.38):
ks (C" — ¢3)
Vky(ky)?Cpy = —————
1(k2)"C2p2 nF

So
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*

: C
2T Via(ky)?pnF
k
3
Or
i ( Vk1<k2>2p;nF>‘1
b =Cc |1+
ks
\X/riting
i < Vkl(kz)zp;nF>‘1
ZZ = 1 +
ks
Then

C1 = 74,C
We may write:
dc _1dN
dt VvV dt

Eliminating 7 between (7.30) and (7.35) for P’:P,z

dN ky(c* —¢)

ar —Viky(kz)*Cp,’ +

From (7.43) and (7.44):
dc

nkF

3
nkF

~ VnF

ks

Then using Equation (7.40):

dc k
TR AR
Followed by (7.41):
dc ks
" VnFg, (c;—0)

Integrating:
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_1[ —(Vk k 2 r+k>+k3—*
at vV c 1(k2)"D2 nFC

nFVk,(k,)*p,’
—c'< 1(k2)“p2 +1>+C_*l

(7.39)

(7.40)

(7.41)

(7.42)

(7.43)

(7.44)

(7.45)

(7.46)

(7.47)

(7.48)

(7.49)
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_ e k (7.50)
~Inl, — 5, = oz (= t)
1 =— -
"e—a VnFg (t=t)

It follows from (7.35) and (7.51) that

i, —1 ks (7.52)
| = — t—t
N LT T mEg, W)

This is the required equation.
The theory allows prediction of the behaviour of the system as follows:

A) From (7.37) and (7.41):

i, = nFVky(ky)?Z,C*p) (7.53)
This shows that steady current is proportional to Z,pj (rather than p; only, as indicated
earlier from the obtained results) where Z; is given by (7.40).

B) Equation (7.52) indicates that a plot of /u(i,-z) for 7,> i, [or /n(i-i,) for 7,> 7,] versus

k3
VnFz,

time should show a straight line of slope - As Z, is a function of p,” the slope is

expected to vary with hydrogen partial pressure.

The significance of the parameter Z is now briefly considered. Clearly, Equation (7.40)
shows that Z must take a value between zero and unity but its actual value in a given cell
depends upon certain characteristics of the system.

Interestingly, the physical meaning of parameter Z is closely related to the Damkohler
number, which is a dimensionless number used in chemical reaction engineering152’153. The

general definition of Damkohler number, Da, is given by the following ratio':

Da = Ic (7.54)
37
where 1. is the characteristic time of the chemical reaction, 1, is the mixing time that can be
controlled by hydrodynamics or by diffusion.
In systems that include the interphase mass-transfer (via diffusion), a second Damkohler
number, Day, is defined by the following ratio'™":

Ky (7.55)
kfas

DaH:

where £, is the rate coefficient in m’(kg_ )" s, k; is the mass-transfer coefficient in m s

and 4, is the specific external surface area of the catalyst pellet in m*(kgcat) .
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The second Damkohler number, Da,, is the one relevant to this study, as it compares the
rate of chemical reaction and rate of mass-transfer.

Vi (k2)*panF

Therefore using Equation (7.36), the term that determines the value of Z via

3

Vky(k2)?8p; At a

Equation (7.40) can be represented by the expression m

given temperature,

this expression is dependent upon geometric factors (I/.4), mass transfer factors (via 6/D
which decreases with increasing convection), and a kinetic factor (£,), complementary to

the factors @, £,and £, respectively in the definition of Da;; (see above).

The larger the value of £; (i.e. large 4; small J) then Z' tends towards unity; conversely, the
smaller the value of £&; (i.e. small A4; large J) then Z tends towards small values with a

limiting value of zero. The value of Z' determines the output current of the cell as shown in

Equation (7.53).

7.6.1. Experimental validation of model for CE mode
Application of Equation (7.52) to experimental data for oxidation of hydrogen and
injection of oxygen anodically at -0.90 V vs. RE at 780 °C (shown in Figure 7.2) resulted in

reasonable straight lines (R® > 0.98) (Figure 7.14-Figure 7.16). Note that the R-squared

avemgc
value is a measure of the goodness of fit of the data to a straight line. The standard error of
the slope is 3 X 10° s, The slopes obtained from Figure 7.14-Figure 7.16 are summarised
in Table 7.1.

Table 7.1 Reciprocal time constants for various p2’ values.

p; / kPa 0 8 15 26

Slope / 102 s 0.97 1.11 1.39 1.92
1.05 1.06

Average slope / 107 s™ 0.97 1.08 1.22 1.92

Time constant / s 1031 926 820 521
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Figure 7.14. Step change in hydrogen partial pressure: from 0 to 8 kPa (total flow rate 2.6 ml s-!) (a); from 8 to 15
kPa (total flow rate 2.8 ml s) (b).
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Figure 7.15. Step change in hydrogen partial pressure: from 15 to 26 kPa (total flow rate 3.2 ml s-1) (a); from 26 to
15 kPa (total flow rate 2.8 ml s-1) (b).
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Figure 7.16. Step change in hydrogen partial pressure: from 15 to 8 kPa (total flow rate 2.6 ml s-!) (a); from 8 kPa
to 0 (total flow rate 2.3 ml s-) (b).

It is notable that the time constants (reciprocal of the slopes in Figure 7.14-Figure 7.16) for

step changes in hydrogen partial pressure show a decrease with increasing p(H,) (as Z

decreases) as expected from (7.52) and (7.40). Slopes (reciprocal time constants) vs. p; are

shown in Figure 7.17.
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Figure 7.17. The reciprocal time constant versus p2.

30

Equation (7.53) predicts proportionality between steady curtrent, 7, and Z,p5. But Z, is itself

a function of p; (according to (7.40)) and hence a plot of i, vs. p; should show deviation

from a straight line. Cleatly, for the range of p,” values employed in the measurements

(Figure 7.4) the deviation is small.

Equation (7.40) may be written:

Z,=1+Kp)™

where
7 = Vky(ky)*nF
ks

Differentiating Equation (7.53) with respect to p3:

di, o a

d_pé = nFVky(kz)"C d_pé (Z2p2)
leads to

di,

— = nFVk,(ky)%c*(1 + Kpj) ™2
dp,

Therefore for p; = 0 (i.e. at the origin):

di, _
r = nFVkl(kz)ZC*
5=0

(&) ph=

Furthermore, differentiating (7.53) with respect to Z,py:

iy _
———~< =nFVk(k 2¢c*
d(Zzpz) 1(kz)

So comparing (7.60) and (7.61) it follows that
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di2> di, ) (7.62)
- =< = nFVk,(k ZC*
(dpz ph=0 d(Z,p3) 1(ka)

where Z; is given by (7.50).

So Equation (7.62) shows that the slope of the tangent to the curve of 7, versus pj at the
origin is nFVkq(k,)*¢* which is identical to the slope of the straight line plot of 7, versus
Z;P3-

The difficulty of applying Equation (7.62) to find the value of nFVky(ky)?¢*, which is
required in Section 7.6.2.1 for validation of the model, is that Z, is not known as a function

of p} except at p3=0 where Z, = unity (i.e. the value of K in Equation (7.56) is not known).

So the following procedure was adopted to address this problem.

e A value for K was assumed.

e Using this value of K together with the data in Figure 7.4, i, was plotted versus
Zp5 -

e The best line through the data points was determined by a linear regression analysis
which provided the slope of the line, the intercept at p; = 0 and the R-squared
value. The last-mentioned is a measure of the goodness of fit of the data to a
straight line.

e The above was repeated for other values of K, and then the slope, intercept and R-
squared values were plotted versus K.

e The K value, which provided the value for R-squared closest to unity, was
determined from the plots and this was denoted K.

e K, is the most likely value of K. It is however not possible to put an uncertainty
on its value based upon any well-defined criterion. As a result, the range of possible
values of the parameter was set by selecting a value of R-squared less than the
maximum value which then set a range of K values; by appropriate choice of the R-
squared value it was ensured that this range was substantial so as to have reasonable
confidence that the range encompassed the true value of K. The endpoints of the
range were designated K, and K, .

e A value of nFVk,(k;)?C* together with its likely range was calculated using the

determined slopes of the plots of 7, versus Z,py at the K values given by K, , K

best >="* max
and K, .

Results generated by applying the above procedure are shown in Figure 7.18-Figure 7.19.
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Figure 7.18. Determined values of R2 and intercept for the plots of i, versus Z,p5 versus K for a range of values.
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Figure 7.19 Determined values for the slope of plots of iz versus Z,p5 plotted as a function of K.

In accordance with the procedure set out above, the K was estimated to take the value K =

0.007 £ 0.007. This gave values for K,

X

and K, of 0.014 and 0.000 respectively.
Furthermore, at K = 0.007 the intercept (Figure 7.18) is close to zero providing additional
confidence that this best value of K is not greatly different from the true value. The slope
from Figure 7.19 for K = 0.007 + 0.007 is 0.48 + 0.06 mA kPa™ which is the required value

for nFVk, (k;)?¢*; this value is applied in Section 7.6.2.1 for validation of the model.

Using the values for K = 0.007 + 0.007 together with equations (7.53) and (7.56) the

resulting computed curves for 7, versus p; are shown together with the original

experimental data in Figure 7.20.
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Anodic steady current / mA

p', / kPa

Figure 7.20. The ‘refined’ plot: steady anodic current versus p,. Compare Figure 7.4.

7.6.2. Additional mechanistic theory for CE mode
A further case is now considered where the inert gas, Ar, is first bubbled through the tin
for sufficient time to reduce the hydrogen concentration to a value close to zero. Then,
while holding the potential at a constant value, E, a gas mixture of Ar/H, with hydrogen
partial pressure pzy is bubbled continuously, starting at time # = #,, through the tin and the
anodic current (due to injection of oxygen to replace that consumed by hydrogen) is

measured as a function of time.
Att=t,C = C" and thus 7/ = 0 (see Equation (7.7))

Equation (7.30) becomes

dN N (7.63)
v = —Vky(k;)“C’p’,
t=t1
Differentiating Equation (7.35):
di] _ dc (7.64)
dtl—;, — Tt
From(7.43), (7.63) and (7.64):
di (7.65)
— 2 ol
dt -t = k1(ky)ksCp 2
Alternatively, a similar equation may be derived as follows:
Equation (7.52) becomes
[ ks (7.66)
(-8 =k e
"\1g) = Targ, W
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as p; = 0and i; = 0at t = t;. For li & 1 the logarithm linearises as follows:
2

i i .
n(1-)= 7.6
Ly Ly
So
i ks (7.68)
— = —t
i, VnFz, (t=t)

Differentiating and combining with (7.53):
di (7.69)
—|. = k(ky)*ksCp’
[dt].i<<1 1(k2)“ksCp P
l2
Thus
di _[di (7.70)
dt %«1 dtli_¢,
Equation (7.67) is a fair approximation for 7/7, values up to 0.2. Thus a plot of 7 versus 7 is

expected to show a straight line for values of current up to at least one fifth of the steady

current for a given hydrogen partial pressure.

di i ,
Equations (7.65) and (7.70) predict that [—l] or [ﬂ] ; should be proportional to p,;
dt t=t dt g((l
di \ 21, =+ . .
a plot of n vs. p,is expected to reveal a slope of kq(k;)“k3C*, which will be
t=t

denoted as ,.

Equation (7.53) indicates that a plot of 7, vs. Z,p5 has a slope of nFVk, (k,)?¢*, which will
be denoted as s,. It follows that:
S1_ & (7.71)
s, VnF
Thus the magnitude of Vkﬁ from Equation (7.71) can be compared to the reciprocal time

constant determined from the slopes of plots of /n(i,-i) vs. ¢ [ot In(i-i,) vs. ] at p3=0 (see

Equation (7.52)).

7.6.2.1. Experimental validation of additional
mechanistic theory
In order to validate this extension of the theory, the cell was first flushed with a mixture of
H,/Ar to remove any residual SnO,, followed by Ar only while the tin electrode was held
at -0.90 V vs. RE at 780 °C; the ongoing parasitic leak of oxygen inevitably occurring was

measured using the technique described in Section 7.3.1. The p(H,) was then stepped from
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zero to 10 kPa and back to zero; from zero to 20 kPa and back to zero and finally from

zero to 30 kPa and back to zero. The current response was monitored with time (Figure

7.21).

10
—i . at-0.90 Vvs. RE
anodic

<

1S T
- =
e o
2 5
— ]
o]

(@)

T T T T : T
10 15 20

Time /10°s

Figure 7.21. Anodic current versus time in LTA SOFC at 780 °C with instantaneous step change of p(Hy) from 0
to 10 kPa, then to back to zero, repeated with 20 kPa and 30 kPa.

The following current — time curves (Figure 7.22a-Figure 7.22c) were extracted from the
data in Figure 7.21. Anodic current immediately after the switch of the hydrogen from zero

to a particular partial pressure (10, 20 and 30 kPa) is shown versus time.

All three current-time curves resulted in straight lines (R* > 0.98), the slopes (di/dt) of
which were then plotted against hydrogen partial pressure to derive the value of s, (Figure
7.22d; Equation (7.65)). It should be noted that the straight line in Figure 7.22d is based
upon only 3 points but that each point is determined using a substantial data set;
furthermore, as predicted the intercept is small (- 0.18 X 10° mA s”) indicating direct

proportionality between di/ df and py.
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Figure 7.22. Current-time curves after switching the hydrogen partial pressure from 0 to 10 kPa (a); 20 kPa (b);
30 kPa(c). Slopes of the lines in (a-c) vs. p(H2) are shown in (d).

The data are interpreted using Equations (7.65) and (7.70):

sy = ky(ky)?*k3¢* =34 %x10"* mA st kPa™?
It is shown in Section 7.6.1that

s, = nFVk,(k,)?c* = 0.48 + 0.06 mAkPa™!
Thus applying (7.71):

si _ ks _ 34x107*

= = = (0.71 £ 0.09) X 10”5
Sy VnF 0.48% 0.06
This value may be compared with the value of the reciprocal time constant at py=0

(Z, = 1) which is 0.97 X 10” s (see Table 7.1).

The similarity of the determined values for the reciprocal time constant, (%) 0.71 x 107

and 0.97 X 107 s, is remarkable considering that the values were determined by unrelated
methods and the simplicity of the model employed. This indicates that the principles and

assumptions upon which the model is based are broadly correct.

It is difficult to place accuracy on the assumptions employed in the CE model. However,
the correlation between the results from static (steady currents vs. p(H,)) and dynamic
measurements (step changes in p(H,) with analysis of current vs. time and d7/dt
determination) is remarkable, and provides confidence in the validity of the assumptions
implied.
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7.7. Conclusion
Studies of the oxidation of hydrogen in a SOFC with molten tin anode were carried out.
The anode was operated at -0.90 V versus an air RE, which is within an ‘inert’ potential
window. Steady anodic currents were essentially proportional to hydrogen partial pressure
and independent of total gas flow rate. Two models were considered for either (i) direct
anodic oxidation of dissolved hydrogen or (ii) homogeneous reaction between dissolved
hydrogen and oxygen followed by anodic injection of oxygen to replace that removed by
the chemical reaction. The former model was rejected as it required the incorporation of
the hydrogen/ atgon fuel gas in the form of a persistent foam which was not detected.
Oxygen solubility values are compatible with the latter model which was validated using

steady-state and dynamic experimentally-generated data.

The development of the theoretical framework has generated the parameter Z. This
parameter does not have fundamental significance but is of technological importance when
designing LMA SOFC reactors. Theory shows that Z depends upon geometric factors
(including electrode area and the volume of tin), mass-transfer (diffusion layer thickness
and diffusion coefficient of dissolved oxygen) and kinetic factors in the cell; its physical
meaning is related to the Damkohler number, widely applied in chemical reaction
engineering. The value of Z is required in order to obtain a fuller understanding of

experimentally-generated results.

This study has clarified the behaviour of the oxygen-hydrogen-tin system in the ‘inert
window’ and provides a firm basis for proceeding with studies via the Rotating Electrolyte

Disc (RED).
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8. Additional validation of
CE model

In the previous chapter a model for the processes taking place in the liquid metal anode

involving hydrogen oxidation in liquid tin anode SOFCs in mode CE was proposed and
validated. A new key parameter, the dynamic oxygen utilisation coefficient, (Z) was also
introduced which has important implications regarding understanding and design of these
systems. This chapter demonstrates the development and application of a method named
anodic injection coulometry (AIC), for the determination of Z, as well as providing
additional validation of the chemical — electrochemical (CE) model by measurement of the

oxygen solubility in liquid tin for comparison with literature values.
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8.1. Introduction
Solid oxide fuel cells (SOFCs) with liquid metal anodes (LMAs) have substantial potential
for power generation. The advantages over combustion systems and other types of fuel cell
have been reviewed recently™. The technology is able to provide high efficiency and low
environmental impact with flexibility regarding fuels, including solid fuel such as coal'®. It is
clear that the development of pilot plants and industrial systems requires an in-depth

understanding and solutions to a number of technological challenges.

In the previous Chapter, the fundamental electrochemistry of a simple system, using
hydrogen as fuel, was explored. It was demonstrated that the oxidation of hydrogen takes
place via a chemical-electrochemical (CE) mode, whereby hydrogen undergoes
homogeneous oxidation by oxygen dissolved in the liquid tin followed by anodic oxygen
injection to replace oxygen removed by the chemical reaction. A model was developed
which was validated using experimental data. A new key parameter, termed the dynamic
oxygen utilisation coefficient, (Z), evolved during model development which is important

for LMA fuel cell design.

In this paper, the model is developed further and a method is proposed, named anodic
injection coulometry (AIC), similar in principle to the well-known technique of anodic
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stripping voltammetry (ASV) ™, to determine Z. This allows the solubility of oxygen in the

melt to be measured and provides additional validation of the model and CE mechanism.

8.2. Background literature concerning oxygen

and hydrogen solubilities

Solubility of diatomic gases in liquid metals has previously been investigated by various
methods.'"**"" Tt is known that dissolution of diatomic gases in liquid metals involves
dissociation into single atoms, according to Sievert’s law15015L158159 For example
hydrogen dissolves as follows:

H,(gas) — 2H(solution) (8.1)
Sievert’s law states that concentration of dissolved gas in liquid metal is proportional to the
square root of the gas partial pressure, i.e.:

¢’ = Ks/p(H2) (8.2)

where ¢ is the concentration of dissolved hydrogen, p(H,) is the hydrogen gas pressure and
Ksis the temperature-dependent constant (Sievert’s constant).
Studies on hydrogen and oxygen solubility in liquid tin have been explored in the literature

review of this thesis (see Section 2.3.3).
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Oxygen solubility in liquid tin data reported by Belford and Alcock” and Ramanarayanan

and Rapp8 are shown in Figure 8.1.

0.08 1 —— Calculated by Ramanarayanan and Rapp*®

0.07 ] B Measured by Belford and Alcock™
- O- Extrapolated from Belford and Alcock™

0.06—-
0.05—-
0041
0.03—-

N°, (Sn) / at.%

0.02 ~

0.01 ~

0.00 ~

-0.01 T T T T T T T T T T T
500 550 600 650 700 750 800
Temperature / °C

Figure 8.1 Reported solubility of oxygen in liquid tin.

These literature values at 780 °C calculated from formulae given by Belford and Alcock”
and Ramanarayanan and Rapp®? (i.e. 0.06 and 0.08 at.%, respectively, Figure 8.1) are used
for the comparison with experimentally measured solubility data for oxygen determined in

the present chapter.

A detailed review of oxygen solubility in liquid tin (given in Section O of this thesis) shows a
substantial range of literature values derived from various Sn-O phase diagrams, including
both measured and predicted data. Importantly, solubility of oxygen in liquid tin is a
parameter of technological significance for operation of LMA SOFCs; this is because
operation of the liquid tin anode involves oxidation of fuel by the dissolved oxygen®.
Hence the solubility of oxygen in tin governs the quantity of oxygen which is stored
(available to react with fuel) in the liquid tin anode prior to formation/ precipitation of

solid tin oxide.

The solid oxide builds up progressively upon further polarisation of the anode and
eventually blocks the anode / electrolyte interface®’. This phenomenon was found to be
the major cause of performance degradation of SOFCs with liquid tin anode™”. Therefore
an in-depth understanding of oxygen solubility in liquid metal anodes is of great
importance for the development of this class of fuel cell, where oxygen solubility is a vital

parameter for design of such systems.
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This chapter presents further investigation into the role of dissolved oxygen in liquid tin
anode SOFCs when operated in CE mode. This includes determination of the key
parameter, Z, as well as calculation of oxygen solubility. To this end, two related regimes of
operation are proposed. These regimes are run in a mixed mode (i.e. potentiostatic and
open-circuit), whereby electrode potential is switched between a fixed value E and open-
circuit. During the open-circuit periods hydrogen reacts with oxygen dissolved in tin. In the
first regime (Regime 1) the flow of H, is constant, whereas in the second (Regime 2) it is
intermittent. This uses additional theory developed specifically for each regime as well as

theory developed previously'” (see Chapter 7, Section 7.6).

8.3. Experimental procedure

Experimental work employed SOFC with liquid tin anode in mode CE at 780 °C as
described previously'” (in Chapter 7).

8.4. Results and discussion
This chapter presents further validation of the theory developed to describe CE mode
hydrogen oxidation in LMA-SOFCs. Anodic injection coulometry (AIC) (with similarities
to anodic stripping voltammetry) is proposed as a method for determination of dynamic
oxygen utilisation coefficient, Z, postulated in the CE model'”. The method involves AIC
under two different modes of oxygen injection (termed Regimes 1 and 2). Subsequent
analysis of the experimental data in both regimes enables the calculation of Z. The theory
developed previously is extended and then applied for the determination of the solubility of

oxygen in liquid tin.

8.4.1. Determination of the dynamic oxygen utilisation
coefficient using anodic injection coulometry
In the previous chapter it was shown that Z depends upon geometric factors (electrode area
and liquid metal volume), diffusion layer thickness (and hence degree of convection) and
hydrogen partial pressure. Though not fundamental, it is important to determine its value
in order to obtain an understanding of experimentally-generated results. In a broader sense,
this parameter is expected to be important for the design of systems consisting of two
processes: fuel oxidation via dissolved oxygen and oxygen replacement via electrochemical

injection at the liquid anode / electrolyte interface.

In the theoretical treatment, hydrogen and oxygen are denoted by single prime and bar

superscripts respectively, for example ¢ and € (as previously employed in Chapter 7).
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8.4.1.1. Regime 1
Consider the following, four-stage operation (see Figure 8.2): prior to Point A, argon is
bubbled through liquid tin for a sufficient time to allow the current to reduce to a value
close to zero while holding the tin electrode at an anodic potential E, typically -0.90 V vs.
RE (air electrode). It has been shown that this potential places the system in the CE mode

160

of operation'®”. During the intervals A - B, B - C and C - D, hydrogen at partial pressure p,
is bubbled through the tin. The interval A - B is sufficiently long to allow the current to
reach a steady value, 7, During the interval B - C, of length #-7, the tin electrode is
switched to open circuit (OC). Then, during the interval C - D, the potential of the tin
electrode is held at anodic potential E, during which time the current is monitored. The

period C - D is sufficiently long to allow the current to return to a value close to the steady

value, 7, The charge, 0,, shown as the shaded area in Figure 8.2 is then calculated.

current, i

i

|
|
I
i
p'=r5 ./ o |
I
|
|
I
|
|
I
1

|
|
|
I
H, partial : ' p’ = p’z
pressure zero | |
|
[ |
p = 0 |
| ocC
ty t3 time,t -

Figure 8.2 Schematic representation of Regime 1 conditions applied to the working cell: same hydrogen partial
pressure, p’2is applied from A to D; potential is held at a value E everywhere exceptin B - C.

The interval A-B was treated previously in Chapter 7 (Section 7.6.1). The interval B - C is
treated as follows. At open circuit, /=0, so the equation expressing the rate of removal of
oxygen via chemical reaction with hydrogen and the addition of oxygen via anodic injection

(Equation (7.30)) (when treated from B — C) becomes:

dN . 83)
ar —Vki(k2)*Cp,
Using Equation (7.43) shown before:
dc _1dN
dt  Vdt
We obtain:
dc o (8:4)
at —ky(k2)*C p,
Integrating (8.4):
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Gdc , " (8.5)
| 5= ke [ at

Ca t2

3 .
lnc__z = —k1(kp)" po'(t3 — t2)

3 = Crexpl —ky(ky)? po' (ts — t3)] (8.0)

The region C-D is now treated, where p' = p,’. The steps used as follows:
1) The starting value of €, which is C3 is given by Equation (8.6).
1i) An expression is derived for € as a function of time.
1it) Using the expression for €, and equations (7.35),(7.38) and (7.41)to reveal the
term (i — i,) as a function of time.

iv) Integrate (i — i) from # to % to obtain O,

Equation (7.51) that was derived previously provides the relationship between € and t as

follows:
EZ - C_ k3
1 = - t—t
A VnFz, (t=t)
and replacing ¢; by €3 and t; by t3 we obtain:
- o ks 8.7
¢, —C = (C; — C3)exp [_ VnFz, (t— t3)]
From Equations (7.35) and (7.38) derived in the previous Chapter we can write:
Then with (8.7) we obtain:
ks (8.9
iy = Iy (@ — E)exp |- t-t)]
L= 1 3(C2 — C3)exp VnFz, ( 3)
Substituting for €3 from (8.0) into (8.9) and using Equation (7.41) we obtain:
i — iy = k3Z, {1 — expl—ky(k2)? p2' (85 — )]} (8.10)
ks
X — t—t
P |~ gz, 1)

The charge shown by the shaded area in the diagram (Figure 8.2) is given by:
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o

8.11
Q1= (i — ip)dt &1
t3

Q, = —VnF(Z,)*¢*{1 — exp[—k, (ky)* po' (t; — t)]} (8.12)

ks ®

owp|-arz - )

Or

Q, = VnF(Z,)*c* {1 — exp[—k; (k;)* p,' (ts — t)]} (8.13)

Equation (8.13) is the required solution.

8.4.1.2. Corroborating experimental results in
Regime 1
To validate the above theory the LTA SOFC was operated in Regime 1. After Point A
(Figure 8.2) a mixture of H, (16 kPa) and Ar was bubbled constantly through liquid tin
while holding a potential of WE at -0.90 V vs. RE. Once the anodic current had stabilised
at a steady value, the tin electrode was switched to open circuit (OC) remaining so for 1500
s before controlling the potential again at -0.90 V vs. RE. Once the anodic current had
returned to within 10 pA of its steady value, the electrode was again switched to OC and

held for 900 s. The above procedure was repeated with varying OC times (Figure 8.3).

20 \—i at-0.90 V vs. RE\

anodic

15+

10 -
Q1(21OO)

Q1(900)

Q1(1500)

Current / mA

Open Circuit Open Circuit Open Circuit
T T T T T T T
15 20 25 30
Time / 10° s

Figure 8.3 Operation of the working cell under Regime 1 with 16 kPa p(H,) at 780 °C.

The values of O, were calculated applying numerical integration of the area under the

current-time curve (currents were measured at 5 s intervals) and are summarised in Table

8.1.
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Table 8.1 Q;values obtained from with 16 kPa p(H>) for Regime 1 operation.

OC time / s
Q,values / C

900 1500
3.98 5.35

2100
5.71

8.4.1.3. Regime 2

For Regime 2, consider a four stage process (see Figure 8.4). During the interval A — B the

potential of tin electrode is held at the potential E and argon is flowed for sufficient time to

reduce the current to a value close to zero. At B the tin electrode is then switched to open

circuit and the flowing gas to an argon-hydrogen mixture with hydrogen partial pressure p,

for a period #-7,. At C the flowing gas is returned to 100% argon and the potential of the

electrode switched to the value E. The current is measured as a function of time for a time

sufficient for the current to return to a value close to zero. The charge, {J,, shown as the

shaded area in Figure 8.4 is then calculated. Note that no hydrogen is bubbled into the tin

during the period when the charge (), is determined.

current, i A

H, partial pressure zero I
and potential held at a value E

p'=0

¢=¢"B C=C Ci=i
\I \/

HZ at partial
|pressure p';

ocC

H, partial pressure zero
and potential held at a value E

p'=0

[2) t3

time,t —

Figure 8.4. Schematic representation of Regime 2 conditions applied to the working cell flushed with constant

flow of argon.

Interval A - B is not considered in this treatment. For the interval B — C Equation (8.5) is

used, replacing ¢, by €*, (where € is the saturated concentration of oxygen at OC in the

bulk of liquid tin at p =0):

Then integrating

C3 déc 5 ) t3
j O A

c* ty

[Inc]E = —ky (k2)? p2 [t

3 .
In == —kq1(k2)” po' (3 — t3)

C3 = Crexpl—kq(k2)? po' (t3 — t3)]
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Region C — D is now treated, where p’ = 0. It follows that the charge, 0,, shown in the
diagram (Figure 8.4) is given by
Q, = (¢c* —¢3)VnF (8.16)

Substituting for €3 from (8.15) into (8.16):
Q2 = VnFe™{1 — exp[—k,(k3)? p,' (t3 — t2)]} (8.17)

This is the required solution which may be compared with Equation (8.13).

8.4.1.4. Corroborating experimental results in
Regime 2
To validate the above theory the LTA SOFC was operated in Regime 2. A mixture of H,
(16 kPa) and Ar was bubbled through the melt while the tin electrode was held at open
circuit for 1500 s. Then the tin electrode was switched from OC to -0.90 V vs. RE and the
H, was removed from the flow (argon continued to bubble into the tin). Once the
measured anodic current (due to anodic injection of oxygen to replace oxygen consumed
by reaction with hydrogen) had reduced to zero, the electrode was switched to OC and
remained so for 900 s with flow of 16 kPa p(H,) (Figure 8.5). The above procedure was
repeated for OC intervals of 1500 and 2100 s. The flow of argon was constant throughout

the experiment including the open circuit periods.

10~ — i 4 @ -0.90 V vs. RE
8 -
<
S
= 6-
c
o
S 4-
@]
21 Qz(goo) Q2(2100)
0 T IR oo e Tt
Ppen Circuit Open Circuit Open Circuit
T T T T T T
15 20 25
Time/10°s

Figure 8.5 Operation of the working cell under Regime 2 with 16 kPa p(Hb>) at 780 °C.
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The values of QQ, were calculated in the same way as Q, values via numerical integration of
the area under the current-time curve (currents again were measured at 5 s intervals) and

are summarised in Table 8.2.

Table 8.2. Q:values obtained with 16 kPa p(H?) for Regime 2 operation.

OC time / s 900 1500 2100
Q,values / C 5.11 8.05 8.9

8.4.1.5. Regime 3
This case is included for completeness. However no experiments were performed to
support the theory developed for Regime 3 as this is not required for determination of Z.

This regime, which is a combination of the previous two regimes, is illustrated in Figure

8.6.

current, i =265
. C D
l3 |
|
= ¢ |
c=0 H, partial pressure zero
A B 2P P’ :
! I p'=0 :
[——— | [ |
, | = =
iy | p P2 1% D2 :
|
H, partial | | |
pressure zero | Qs :
|
p'=0 |
: ocC !
ty t3 time,t >

Figure 8.6 Schematic representation of Regime 3 conditions applied to the working cell flushed with constant
flow of argon; potential is held at a value E everywhere exceptin B - C.

Prior to Point A argon is bubbled through tin and the electrode is held at an anodic
potential E, typically -0.90 V with respect to an air electrode, while sufficient time is
allowed for the current to reduce to a value close to zero. During the intervals A — B and B
- C, hydrogen at partial pressure p, is bubbled through the tin. The interval A - B (with
potential maintained at E) is sufficiently long to allow the current to reach a steady value, 7,.
During the interval B - C, of length #-7,, the tin electrode is switched to open circuit. At
Point C the flowing gas is returned to 100% argon and the tin electrode switched from OC
to the potential . Thereafter, the current is measured as a function of time until the
current returns to a value close to zero. The charge O;shown as the shaded area in Figure
8.6 is then calculated. Note that no hydrogen is bubbled into the tin during the period

when the charge Q; is determined.

Following Regime 1, the oxygen concentration €3 at C given by (8.6) which together with

Equation (7.41) leads to:
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C3 = Z,C*expl —ky (k3)? p,' (t3 — t3)] (8.18)

For the interval C — D as for Regime 2 the partial pressure of hydrogen equals to zero
(.ep’ = 0). It follows that the charge, O,, shown in the diagram (Figure 8.6) is given by

Q; = (¢c* —¢3)VnF (8.19)
So from (8.18) and (8.19):

Q3 = VnFc™{1 — Zyexp[—ky(kz)? po' (t5 — )]} (8.20)
This is the required solution and may be compared with (8.13) and (8.17)

Summary of the principal results in 8.4.1.1- 8.4.1.5.
The important equations in the above sections are those that allow interpretation of the

coulombic charge under the final parts of the regimes, i.e. C — D. These are as follows:

Regime 1 Q1 = VnF(2,)%¢* {1 — exp[—k,(k3)? po' (t; — t)]1} (8.13)
Regime 2 Q, = VnFe* {1 — exp[—kyi(ky)? py' (t5 — t5)]1} 8.17)
Regime 3 Q3 = VnFc* {1 — Zyexp[—ky (k2)? po' (t3 — t)]} (8.20)

8.4.1.6. Experimental determination of dynamic oxygen
utilisation coefficient, z
The development of the theoretical framework described earlier in Section 7.6, Chapter 7
has identified the parameter Z. For a given hydrogen partial pressure, p,’, and (t3 — t;,), Z
may be determined using (8.13)and (8.17)as follows:

(2)? = Q1 (8.21)

Q>
Taking the values of 0, and @, from Table 8.1 and Table 8.2, the value of Z; from (8.21) is

equal to 0.83 for hydrogen partial pressure of 16 kPa.
The estimated uncertainty on the obtained values of O, and 0, is * 5%, resulting in an

uncertainty in the Z, value of 3.5 % (i.e. Z; =0.83 £ 0.03).

The relationship between a value of Z, and pwas shown in Equation (7.56) as follows:

Z, = (1+Kpy)™?t (7.56)
Taking Z, as 0.83 for 16 kPa p(H,) and inserting into (7.56) leads to a value of K of 0.012
kPa'. This value within the range of values of K (0.000< K<0.014 kPa") deduced in
Chapter 7.
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8.4.2. Measurement of the oxygen solubility in liquid tin
using electrochemical model for CE mode
Having obtained a value for Z,, the solubility of oxygen in tin (oxygen content at an
electrode potential of -0.90 V versus air electrode) may be determined as shown below. The
value calculated may then be compared with literature values and used to provide

additional validation and confirmation of the model developed and tested in Chapter 7.

An expression for the number of moles of dissolved oxygen in liquid tin, may be developed

using the Equations (7.38)and (7.41) as follows:

Cp = ZpC" (7.41)

Eliminating ¢, between (7.38)and (7.41) leads to:

We can write this as
_ k;c*VnF (1 — Z,) (8.23)
2= VnF
Rearranging (8.23):
. iy (VnF ) (8.24)
C =
(1—=2,)nFV \ k;

This is an expression for the saturated concentration of oxygen in liquid tin, €*, in terms of

. . ) _ VnF .
the steady current, 7, the time constant at p =0 (when Z,=1), —, the volume of tin, I, and
ks
the parameter Z.

Recalling Equation relating the steady anodic current and p(H,) that was presented in

Figure 7.4 (current in mA hydrogen partial pressure in kPa):

i =0.42p(H,)+0.15 (8.25)

Z.ftea[f)'

the value of 7, for 16 kPa can be determined from that.

Similarly the time constant, VkLF, for p(H,)=0 was reported as 1031 s (refer to Table 7.1).
3

Substituting the value of Z, =0.83 determined in the previous section for 16 kPa p(H,), the

solubility of oxygen, €* is found to be 5.7 X 10° mol cm” or 0.10 at.% .

The potential of the working electrode was chosen to be close (within 10 mV) to the
equilibrium potential of the Sn/SnO, couple. At this potential the oxygen concentration is
expected to be close to the saturated value. Moving to more positive potentials would

result in precipitation of SnO, (see Figure 6.3).
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The calculated value (0.10 at% at 780 °C) is comparable to those reported by
Ramanarayanan and Rapp®’ (0.08 at.%) and Belford and Alcock™ (0.06 at.%), respectively.
This serves as additional confirmation for the validity of the electrochemical model

developed for CE mechanism in the previous Chapter.

8.5. Conclusion
Operation of LMA SOFC fuelled with hydrogen in mode CE was investigated using the
newly-developed anodic injection coulometry technique applied in two regimes of
operation. Analysis of experimentally-generated data (¢, and (), values measured in
Regimes 1 and 2, respectively) resulted in the value of dynamic oxygen utilisation
coefficient, Z, determined for 16 kPa hydrogen as 0.83. The oxygen solubility in liquid tin at
780 °C was measured to be 0.10 at.%, which is similar to literature values, serving as

additional confirmation of the wvalidity of the model for CE mode operation.
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9. Water electrolysis in

reverse LME SOFCs

This chapter examines reduction of water (steam) in reverse liquid tin anode SOFCs (or
solid oxide electrolysers — SOEs). Possible mechanisms for the electrolysis of water in
LMA are proposed. The most likely mechanism is considered to be dissolution of water
(fast process), followed by slow, rate-determining, dissociation of water to hydrogen and
oxygen and then by diffusion-controlled cathodic extraction of the oxygen generated by the
dissociation of water. Hydrogen generated by the electrolysis was carried out of the cell
with the carrier gas. Saturation of the carrier gas with water vapour was achieved using
water bottles held at either at room temperature or at temperatures below ambient using a
water bath (cooled with ice) with thermostat. Partial pressure of water vapour was varied
to investigate its effect on measured current. Initial results showed that, upon changing the
water vapour content of the carrier gas, measured current- time curves followed an
exponential function, with time constants somewhat shorter than those measured for
hydrogen oxidation (followed by anodic injection of oxygen). Currents eventually stabilised;
steady currents were found to be proportional to partial pressure of water vapour. An
electrochemical model has been developed for interpretation of the water reduction data.
The model was validated with experimental results and overall good agreement was found.
Initial studies only are presented here and additional work is required for a more complete

understanding of water electrolysis in reverse LMA SOFCs.
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9.1. Introduction

There are numerous studies on water electrolysis for production of hydrogen using solid

. 161
oxide membranes'

. The use of solid oxide electrolysers (SOE) is advantageous due to
availability and application of heat that is emitted (wasted) during various industrial
processes. However, high energy requirement for water (steam) dissociation remains to be

19219 Many studies have suggested the use of gaseous hydrocarbons

the greatest challenge
to reduce the open circuit voltage in solid oxide steam electrolysers (SOSE)'**'>. One of
the most relevant studies was made by Pati ¢# 2/ where instead of solid anode with gaseous
carbonaceous fuel, the SOSE was operated on solid hydrocarbon fuel™ fed into a liquid

metal anode to provide an interface for solid fuel oxidation.

Water electrolysis for production of syngas (a mixture of H, and CO) from steam and
hydrocarbon waste in such cells was achieved using a solid oxide electrolyte, Ni-YSZ
cathode and liquid tin anode™. Oxidation of fuel in liquid metal anode reduces the
concentration of dissolved oxygen in the metal anode and aids the dissociation of steam to
hydrogen™.
The steam is fed to the cathode (Ni-YSZ) and undergoes the reaction as follows:
H,0(g) + 26~ (Ni) > Hy( ) + 0%~ ©9.1)

Oxygen ions are then oxidised at the interface with the melt as follows:

0%~ - [0]sn + 2e~ 9.2)
Dissolved oxygen diffuses through the liquid metal to react with the reductant (fuel) via
reaction as follows:

[O]sn + R = RO(g) 93)
The schematic of the operation of a solid oxide electrolyser with LMA was described
earlier in the literature review (Chapter 2; Figure 2.16). The electrolysis of steam using the

liquid metal electrode has not previously been reported.

This chapter aims to investigate the possibility for water (steam) electrolysis within the
liquid metal electrode. The approach applied in the present study whereby water (steam)
dissociates in a liquid metal electrode has not been tested previously in typical solid oxide
electrolysers (SOE) and hence provides some new insights into the application of liquid

metal electrodes for water electrolysis.

9.2. Experimental procedure

In the present chapter, all experimental work entails operation of LTA SOFC cell at a
constant operating temperature of 810 °C. Experimental set-up and components of the

working cell were similar to the ones described in Chapter 4. However, some modifications
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to the original set-up were made to fulfil the requirements for the practical work on the
dissociation of water in the bulk of the liquid tin anode followed by cathodic reduction of
oxygen at the liquid tin / YSZ interface. In particular the humidification of argon was
achieved by the use of water bottles held at room temperature or inside a temperature-

controlled water bath.

A schematic of the experimental rig used in this work is shown in Figure 9.1. Argon was
humidified by bubbling through water contained in bottles held at room temperature or
suspended in a 5 litre heated circulating water bath (T100-ST-5, Grant Instruments, UK)
which enabled humidification at a range of temperatures; temperatures below ambient were
achieved by the addition of ice to the bath. The humidified argon was piped to the oxygen
sensor after which it was mixed with hydrogen and supplied to the cell (Figure 3.6) held at

operating temperature by an electric furnace.

9.2.1. Humidification of the carrier gas (Ar)
The degree of humidification of argon was controlled by bubbling the gas through one of
two sets of water bottles (one kept at room temperature and the other suspended in a water
bath), where inside the bath the temperature of water could be adjusted from 0 to 100 °C.
Water bottles were held at room temperature (ca. 25 °C) while the temperature inside the
water bath was set to 0, 10 and 15 °C. The precision of the temperature in the water bath
was £0.05 °C. The use of bottles suspended either inside the water bath or in the air (held
at room temperature) enabled rapid changes in water partial pressure, which is important
when determining time constants. The respective saturated vapour pressures at each
temperature are summarised in Table 9.1. In practice, the water bath was not operated at
temperatures above ambient as this resulted in condensation of water in the pipes (heated

lines were not used).

Saturation of the argon at 25 °C was confirmed by bubbling the gas through two water
bubblers in series at room temperature (25 °C) and condensing the contained water vapour
as follows: a known volume of the gas was passed through a pre-weighed U-shaped drying
tube (inner diameter 13 mm, Duran glass) with stopcock plugs and side hose connector
(6mm) (Catl Roth, Annecis Ltd., UK) immersed in an ice-salt bath (temperature ca. -10 °C).
After passing a specified volume of humidified gas through the tube the stopcocks were
closed and after drying the external surfaces of the tube and allowing sufficient time for it
to return to room temperature, it was reweighed. The increase in weight due to

condensation of water indicated that the partial pressure of water vapour was 3.2 kPa at 25
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°C (in agreement with the value given by standard tables) showing that the gas was fully

saturated with H,O.

Table 9.1 Saturated water vapour pressure at set temperature values from standard tables.

Temperature / °C 0 10 15 25 26 28
p(H,0) / kPa 0.6 1.2 1.7 3.2 3.4 3.8
—Det—{
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E
humidified Ar: E E

1
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extraction r

—

Water Bottles Thermocouple
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Ballvalve  Filter ~ Mass Flow Controller Three Way Valve

Figure 9.1 Process flow diagram for dissociation of water in LMA SOFC cell followed by cathodic reduction of
oxygen (with optional use of H; for additional removal of tin oxide).

9.3. Results and discussion

9.3.1. Water reduction in LTA SOFC
The water bath was operated at temperatures of 0, 10, and 15 °C (below the room
temperature of 26 °C) which eliminated condensation inside the tubing. The LTA SOFC
cell was run at 810 °C and dry argon at a flow rate of 1ml s” was supplied to the cell. A

potential of -1.1 V vs. RE was applied to the working electrode (WE).

The flow of argon was switched between water bottles held at room temperature (26 °C)
and others suspended in the water bath at temperatures below ambient. The temperature of

each set of water bottles was maintained constant throughout each experiment.
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The observed cathodic current with time is shown in Figure 9.2. Initially it gradually
decreased in magnitude from ca. -10 mA and stabilised at ca.-1.0 mA with dry argon

(Figure 9.2).

The flow of argon was then switched to bubble through bottles in the water bath which
was set to 0 °C. This resulted in a steady current of -1.8 mA. The flow of argon was then
changed so that it was supplied through two water bottles (held at room temperature) and
the cathodic current increased in magnitude to -4.6 mA associated with 3.4 kPa p(H,O).
The procedure was repeated whereby the carrier gas was supplied from bottles at 0, 10 and

15 °C. The estimated accuracy of measured currents is £ 50 pA.

Current / mA

0 5 10 15 20 25 30

Time / 10° s

Figure 9.2 Cathodic cutrent at -1.1 V vs. RE at 810 °C with changes of p(H:O).

The steady currents as a function of p(H,0O) (corrected for the reduction current attributed
to parasitic oxygen concentration in the melt) are shown in Figure 9.3. Linearity between
the steady cathodic current and p(H,O) is evident (R*>0.98). The uncertainty on the points

in this Figure is estimated £75 pA in the current and £0.2 kPa in p(H,O).
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Figure 9.3 Steady cathodic current data as a function of p(H>O) corrected for parasitic oxygen current.
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Interestingly, measured steady cathodic currents during water reduction (at -1.1 V) were
greater in magnitude (by a factor of 2.5) than steady anodic currents for hydrogen oxidation

(at -0.90 V) for a given partial pressure of either hydrogen or water vapour.

9.3.2. Water reduction in Regime 1
Operating conditions of Regime 1 (refer to Chapter 8) were applied for water reduction at
810 °C. Instead of anodic overvoltage, a potential of -1.1 V vs. RE was applied to the tin
electrode with open circuit (OC) intervals of 300, 1500, 900 and 2100 seconds (Figure 9.4).
The water vapour pressure was maintained constant at a value of 3.8 kPa corresponding to

28 °C with a flow of Ar 1 ml s”'. The estimated accuracy of current measurements is +

10pA.

0 Open Circuit Open Circuit Open Circuit Open Circuit
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—
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Figure 9.4 Operation of LTA SOFC under Regime 1 with constant 3.8 kPa p(H>0).
O, values (coulombic charge to reduce dissolved oxygen generated during the open-circuit
periods due to the water dissociation process in liquid tin) were calculated by numerical

integration of the area under the current vs. time curve (Figure 9.4) and are summarised in

Table 9.2. The estimated uncertainty on the obtained values of Q, is * 2.5%.

Table 9.2 Q;values obtained from with 3.8 kPa p(H;O) for Regime 1 operation.

OC time / s 300 900 1500 2100
Q,values / C 1.3 3.6 5.2 7.1

The obtained values of Q; increase in magnitude as the open-circuit period rises indicating
that dissolved oxygen concentration increases with time. A plot of measured O, values (in
mC) versus the open circuit intervals resulted in a straight line with a slope of -4.3 mC s’

(Figure 9.5). This slope divided by the vapour pressure of water vapour leads to the value -
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1.1 mA kPa" in agreement with the slope of Figure 9.3. This important finding is relevant
to the development of an electrochemical model for interpretation of experimentally-

generated results. The estimated accuracy of ), values is = 100 mC.

04 [ ]
-2000 Q,=-4.3(t;1,)-240
R?*=0.99
QO -4000 -
S
O -6000-
-8000
‘ ] lealues/mc‘
-10000 : : T T :
0 500 1000 1500 2000 2500
OCtime/s

Figure 9.5 Measured Q;values as a function of OC intervals.

9.3.3. Electrochemical model for water electrolysis
The CE model was developed for the oxidation of hydrogen to water in Chapter 7.
Measurements have been made for the reverse process, reduction of water to hydrogen.
Results showed steady current proportional to partial pressure of water vapour. Also step
changes in partial pressure of water vapour resulted in exponential-type current-time
curves. Thirdly, O, values increased with open-circuit period and showed values consistent

with steady currents.

A simple theory is developed below for initial interpretation of the results. Two possible

mechanisms were considered analogous to those proposed for hydrogen oxidation earlier:

i) Rate-determining dissolution of water followed by diffusion-controlled cathodic
reduction at the zirconia-tin interface.

i) Fast dissolution of water in the tin with concentration proportional to partial
pressure of water vapour, i.e. Henry’s law behaviour (Sievert’s law only applicable
to diatomic gases), followed by rate-determining homogeneous reduction of water
and then diffusion-controlled cathodic reduction of oxygen at the zirconia-tin
interface .

Either of these mechanisms would result in a steady current proportional to the partial
pressure of water vapour but Mechanism (ii) is thought to be more likely particularly as it is
the one analogous to that validated for hydrogen oxidation and this is the one developed
below.

The reaction equation is:
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[H;0]sn = 2[H]sn + [Olsn 04
This injects oxygen into the tin. [H]g, is removed by the following associative process with
the hydrogen gas being carried out of the system by the flowing Ar carrier gas:
2[H]sn = (Hz)g 1 ©-3)
If the Sn electrode is held at a potential, E, typically -1.1 V vs. air electrode, then the
oxygen generated via Reaction (9.4) is removed by cathodic reduction at the Sn-YSZ
interface:
[0]sn +2e~ @ 0%~ (9.6)
This is a similar process to that occurring as a result of H, oxidation, except the diffusion

of oxygen and the current are in the reverse direction (refer to Equation (7.28) and Figure

7.13).

In the theoretical treatment, water concentration is denoted by double prime and oxygen

concentration by a bar.

Concentration profiles in the tin at the interface may be represented by the following

figure.

concentration, €

"
steady value at p",

transient value at p"”,

steady value at p"';

%k

C
(equivalent to
potential E,
typically — 1.1V
vs.air electrode)

—————————————————————— steady value at p"' = 0

=

P distance from interface, x -

Figure 9.6 Schematic of the dissolved oxygen concentration profile at a given applied potential E during the
water reduction process. The diffusion layer thickness is shown as 6. (Compare with Figure 7.13).

The rate of generation of oxygen via Reaction (9.4) is Vk,c"' (i.e. kyc” per unit volume of

tin) where £, is the homogeneous rate constant for the reaction.

The rate of injection of oxygen via Reaction (9.6) is i/

nF (0=2, note that 7 is negative).

Thus the net rate of injection of oxygen via the two reactions is Vksc'' +* nF- The

concentration of water, ¢”, for a given water partial pressure, p”, is given by (Henry’s law):

C/l — kspl/ (9.7)
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where £; is a constant for a given temperature.

Expressing the total amount (gram atoms) of [O] in the tin as N, it follows that

v _ Vksksp' + L 08
dt nF
Applying Fick’s first law to the diffusion of [O] to the interface (J negative) (Figure 9.6):
j-y d_c_ (9.9)
dx

= ac . ..
D, A and - have their usual significance.

So (9.9) becomes:

= —ba (c‘ —66**> (9.10)

Concentration ¢** is defined as the equilibrium concentration of [O] at potential E, the
potential at which the tin electrode is held (typically -1.1 V vs. air electrode in this case).

Equating the current with the flux via Faraday’s law:

_ i 9.11)

_ nFDA _ (9.12)

Or
i =ks(¢c™—0) (9.13)
where k3 is given by
__nFDA (9.14)
3T 0§

In the steady-state situation, when p”’ = p,"', ¢ = ¢, 1 = i, and c;—ltv = 0, then using (9.8)
i, = =VnFkyksp," (9.15)
This shows that steady current is directly proportional to the partial pressure of water
vapour (as found experimentally and with negative slope, Figure 9.3).
The model is now developed to obtain an expression for the transient behaviour (changing
from p;"to p,""). The mathematics is simplified by defining a new variable, C, where
c=c"—-¢ (9.106)
So Equation (9.13) becomes
i = ksC ©.17)
When p" = p,", i = i, and Equation (9.17) becomes:
iy = k3C, (9.18)
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Eliminating 7, between (9.15) and (9.18):
_Van4k5p2” (919)
CZ - -
k3
And similarly:
—VnFk,ksp,y (9.20)
1 =—
ks
dc dc dc¢ dc
Note that s T n- o
Recalling that
dc _1dN (9.21)
dt Vdt
So
dc _ 1dN (9.22)
dt  Vdt
Using Equation (9.8) with p" = p,", with (9.19), (9.17) and (9.22):
e ksF ks
dt  nF nF
dc _ ks (9.23)
TG
Separating the variables and integrating:
c
— dt
L C—0C, Van
I
ln[C - CZ]El = ﬁ(t - tl)
C—Cy (9.24)
In= — = t—t
nfl - _2 V F( 1)
Using (9.17)
[ —1 9.25
In—2 (t —t;) 0-25)
l1 — lz

This is the required equation.

9.3.4. Experimental validation of the model on water

reduction in LMA SOFC

The electrochemical mode developed for water reduction in LMA SOFC was validated

against the experimental data.
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Application of Equation (9.25) derived for reduction of water on the experimental data for
water dissociation and cathodic reduction of oxygen at -1.1 V vs. RE at 810 °C (the reverse

process of hydrogen oxidation) (shown in Figure 9.2) resulted in reasonable straight lines
2 : : .

R erage = 0.94) (Figure 9.7-Figure 9.8). Note that the R-squared value is a measure of the

goodness of fit of the data to a straight line. The standard error of the slope is 5 x 107 5™,

The analysis was applied only to the smoothest parts of the current-time curve, as the

remainder of the current-time curve was excessively noisy. The slopes obtained in Figure

9.7- Figure 9.8 are summarised in Table 9.3.

0.0
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Figure 9.7 Step change in p(H20): from 3.78(28 °C) to 0.61(0 °C) kPa (a); from 0.61kPa (0 °C) to zero (dry Ar)
(b).
0.6
0.4 In(i —ip) = —2.74 x 1073(t — t;) + 0.45 1.0 o In(i, —i) = —1.70 x 1073(¢t — t;) + 1.29
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Figure 9.8 Step change in p(H20): from zero (dry Ar) to 1.23 kPa (10 °C) (a); from 3.78 kPa (28 °C) to 1.23 kPa
(10 °C) (b).

Table 9.3. Reciprocal time constants for various destination p(H;O) values.

p(H,0)/ kPa 0 0.6 1.2
Slope / 107 s™ 3.04 2.57 2.74

1.70
Average slope / 107 s™ 1.99
Time constant / s 329 389 503
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The theory developed for H,O reduction is similar to the one for H, oxidation where

ks
VnFZ_Z

. . k .
reciprocal time constant was shown as Vs. ﬁ (see Equation (9.25)). So the same

time constant (Z;=1) should be found for hydrogen oxidation and water reduction.
However, for the limited and noisy data available, the time constant for water reduction
was found to be significantly lower than that for hydrogen oxidation (compare data in
Table 7.1 and Table 9.3). The experiment was also more difficult to perform with water
because a step change in partial pressure of water vapour was not straightforward.

In the present study, liquid metal cathode was applied for electrolysis of water and on the
anode side (Pt solid electrode) molecular oxygen was generated. This process can be
combined with the approach proposed by Pati e a/> and hence both cathode and anode
will be liquid metals. In that case the energy requirements for water electrolysis should
reduce, while the liquid metal anode can operate with various carbonaceous fuels (even

contaminated) and generate CO. Then the overall reaction for such system would be:

H,0 + R > H, + RO (9.26)

where R — is the carbonaceous fuel (reductant),

If for instance solid carbon is utilised on the anode side, then the system generates H, and
CO. In line with stability and deterioration concerns of solid anodes (e.g. Ni-YSZ) with
hydrocarbons, the suggested system provides an interesting alternative to common solid
oxides steam electrolysers. However, more research is required to understand the

performance of liquid metal electrodes for both anodic and cathodic reactions.

9.4. Conclusion
Studies of the electrolysis of water in a reverse SOFC with liquid tin anode were carried
out. The tin electrode was operated at -1.1 V versus air electrode. Water vapour pressure,
P(H,0), has been varied using the water bottles and water bath where the temperature of
water had been adjusted. It was shown that it is preferable to set the temperature of the
water bath to a value below room temperature, where the lines are unheated. This resulted
in reasonably smooth current — time curves. Steady cathodic currents were proportional to

water vapour pressure, p(H,O) for the limited range investigated.

An electrochemical model for water reduction (the reverse of that shown to be applicable
to hydrogen oxidation) was developed as a theoretical framework for interpretation of
experimental data. Rapid dissolution of water in the liquid tin anode followed by rate-
determining dissociation to hydrogen and oxygen followed by diffusion-controlled cathodic
reduction of oxygen has been demonstrated as the likely mechanism for water reduction in

a reverse LMA SOFC.
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Application of the model resulted in shorter time constants for cathodic reduction of
oxygen at the liquid tin / YSZ interface compared with ones for oxygen injection during

hydrogen oxidation reported in Chapter 7.

Water reduction in Regime 1 resulted in @, values (the total charge for reduction of
dissolved oxygen due to its accumulation in tin from water reduction) that increased
directly proportionally with OC periods, which was expected. There was an important and
significant correlation between the rate of oxygen accumulation in the tin on open-circuit
due to dissociation of water vapour and the steady current measured on closed-circuit at

equilibrium.
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10. Rotating Electrolyte
Disc system design and

testing

Experimental and modelling work presented in the previous Chapters 7-9 has clarified the
behaviour of the oxygen-hydrogen/water-tin system in the ‘inert window” and provided a
firm basis for proceeding with studies via the Rotating Electrolyte Disc (RED) technique
being developed specifically to examine the mass-transport and kinetics processes within

the liquid metal electrode.

This chapter includes the rationale for a novel rotating electrolyte disc (RED) technique, an
inverted system based on standard rotating disc electrode (RDE) theory, to study various
transport and kinetic processes within liquid metal electrodes in the LMA SOFC. The
chapter provides details of the evolution of developed RED designs. Experimental
validation of the engineering aspects of the RED apparatus was made in an aqueous
system. The results obtained confirmed that the first prototype RED apparatus was built
correctly and performance similar to conventional commercial RDE set-ups was achieved.
Testing of the RED in molten tin anode is anticipated. Model systems that were explored

in Chapters 7-9 are now proposed to be tested with the RED.
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10.1. Introduction

With respect to uncertainties in performance of liquid metal anode SOFCs reported earlier
(Section 2.3.5), greater understanding of electrochemical reactions, redox, and transport
processes within liquid metal electrodes is needed. There are a number of research
challenges, including: mass transport of dissolved oxygen (and other gases) or oxidized
species in the liquid metal; reaction kinetics between metal oxide and fuel within the liquid

anode; kinetics of oxygen transfer at the liquid metal anode - electrolyte interface, etc.

The mechanism and kinetic characteristics of solid electrode reactions with solution phase
electroactive species is typically derived via application of the well-established rotating disc
electrode (RDE) technique”'**'®. The robust theory of the RDE has been extensively

108

utilised for aqueous electrochemical systems . However, its application to examine the

mechanisms of operation of SOFCs with LME has not been previously reported.

A novel technique that is based on standard RDE theory has been developed in this study
to address research questions on transport and kinetics of electrochemical reactions within
the liquid metal electrode. In the proposed design, a solid electrolyte disc rotates in a liquid
metal electrode (e.g. tin), as opposed to a solid electrode disc rotating in a liquid electrolyte.
This underlying operating principle makes the proposed concept novel and unique. To

reflect that feature the technique is termed “Rotating Electrolyte Disc”.

The RED is designed to determine parameters controlling mass transport of dissolved
oxygen (and other gases) and oxidised species, including metal oxide in the liquid metal; the
technique also provides the possibility of the investigation of heterogeneous and
homogeneous reaction kinetics as well as the influence of electrode contaminants.
Investigation of anodic reaction kinetics can provide additional options to optimize
conventional tubular design of LME SOFCs and in turn contribute to further
improvement of fuel cell performance. The application of the RED in LMA SOFCs
involves operation with molten metal above 700 °C, as opposed to aqueous electrolyte at

ambient temperature, which is interesting and challenging at the same time.

This chapter presents the development and construction of the rotating electrolyte disc
(RED) apparatus to be tested in LMA SOFCs. In order to see if the proposed RED design
performed satisfactory from a hydrodynamic point of view, the engineering aspects of the
RED were tested in an aqueous electrochemical system. Operation in this conventional
RDE mode represents an important step towards the final system. A model system where

the RED can be applied is proposed.
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10.1.1. Background to application of RDE technique
Since the solution of the convective diffusion equations of electroactive species to the

165,166

surface of rotating disc electrode by Levich in 194 the application of the RDE

b
technique gained much interest and was applied in various fields of electrochemistry'”’. So
far, the RDE remains the most favoured method for investigation of kinetics and
mechanisms of electrode processes due to its simplicity, high accuracy along with rigorous

theory'™. It is advantageous over other methods as it allows the study of electrochemical

reactions at higher rates and wider potential range.

Typical configuration of RDE consists of a disc electrode of interest — Pt, Au, glassy
carbon, etc. shielded in a cylinder of insulating material (e.g. Teflon)'® as shown in Figure
10.1a. Electrical connection to the electrode is typically achieved via a silver-carbon brush
spring-loaded to the surface of a steel shaft. A bearing block is used to minimize vibrations
upon rotation. A further development of the RDE resulted in the rotating ring-disc
electrode (RRDE). In the RRDE a disc electrode is surrounded with a conducting ring,
whereby the ring is electrically isolated from the disc via an insulator (Figure 10.1b) and
operated at a different potential. Reaction products are transported in the liquid flow from
disc to ring where they undergo electrochemical reaction. The RRDE is particularly useful
for separation and analysis of intermediates of a multistage electrochemical reaction, for
instance in organic electrochemistry'”™. The collection efficiency of the RRDE, is the
fraction of intermediate formed at the disc that is collected at the ring, and was a term
introduced by Albery and Brett'*'™.

)

_—~Bearing block

_~Steel shaft
|4

- @ Rotation around its

d >/ central oxis

Silver-carbon

e
brush
A Some inert mounting
Insulating. «— materiol e.g. Teflon
mantle o
Araldite or
Teflon
—1mm Pt
wire
: Disc
(a) (b) Ring

Figure 10.1 (a) Schematic of a rotating disc electrode of the classical Riddiford design where the electrode is a
platinum wire of 1 to 3 mm radius'%s; (b) schematic of rotating ring-disc electrode!”! (the broken arrow indicates
the electrolyte-flow lines induced by rotation).
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The RDE and RRDE have been widely applied to study diffusion, reaction kinetics,
volume reaction kinetics, etc. Diffusion studies involved determination of diffusion
coefficients for a wide range of molecules and ions in various media, e.g. diffusion of Ag”
ions'”, ferri- and ferrocyanide species in polymers'”. Many studies explored the diffusion

174177

in molten salt systems using RDE. The practicality of the RDE technique was shown

8
>

not only in the field of analytical electrochemistry, but also in corrosion studies'’

development of PEM fuel cells catalyst'”'*, biochemistry'®, neuroscience'™, etc.

10.2. Development of the RED set-up
The RDE method has been developed and applied widely in aqueous electrochemical

systems. The theoretical principles of the RDE technique were given in Section 3.4.4.

10.2.1. Requirements for operating conditions
For construction of the experimental set-up that conforms to the RDE theory the

following conditions should be met'";

e Laminar flow conditions: for a given disc radius, a laminar flow can be maintained
at certain rotation speed. Transition from laminar to turbulent flow is assumed'” to
occur if the Reynolds number (Re) is within the range of 1.5 X 10° and 3.1 X 10°.
At higher Re numbers, the flow is turbulent. Vibration and surface roughness of

the electrode may also cause turbulence in the flow'"®

. Hence, the shape of the
insulator should be chosen carefully, as it may affect the flow of liquid in proximity
to the disc perimeter. Riddiford and Blurton'® showed that the optimum shapes for
RDE (to prevent turbulence in proximity of the disc perimeter) are concave, conic
and simple cylindrical shapes.

e Suppression of migration and ohmic drop in solution: analyte concentration should

be significantly lower than total electrolyte concentration; this would increase ionic

conductivity and the diffusion of active species would be constant.

e Choice of optimal electrode size and cell volume: the theory for RDE was derived
assuming infinite plane rotating in semi-infinite volume of liquid. In practice, both
are limited in dimensions and hence the optimum disc radius, rotation speed and
the cell volume should be chosen.

e The effect from mechanical defects: vibration, eccentricity and surface roughness
of the rotating electrode should be monitored though their effect on the mass

. . 1
transport is considered small'”,
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10.2.2. Evolution of the designs for the RED setup
This section presents the evolution of designs developed to build the RED setup for

measurements in LME SOFC.

In aqueous RDE studies the electrode disc is normally metal, which is held within a non-
conductive sheath, often PTFE (Figure 10.1a). In the present system, the sheath is
substituted by solid electrolyte, i.e. 8YSZ. To encompass this feature, and also to meet
hydrodynamic and thermal requirements for operation of RED in molten metal, the first

design (Design 1) proposed was as shown in Figure 10.2.

The design envisaged the use of a so-called “YSZ sheath’ that was made of layers of green
8YSZ tape (Viking Chemicals, Follenslev, Denmark). The 8YSZ rings (20 mm X 10 mm)
cut from the tape were hydrated with distilled water to induce a ‘sticky’ consistency, layered
vertically, dried at room temperature, and sintered at 1400 °C for two hours. However, a
zirconia sheath made in this way tended to buckle and distort upon firing and as a result,

this preparation process was not pursued further.

Other components essential to the operation of the overall system under the hydrodynamic
control regime, while maintaining high temperature, are demonstrated in Figure 10.2. The
RED setup is designed to be operated vertically inside an electrical furnace. The rotating
tube (alumina tube) is attached to a motor (not shown) by a gear wheel and is rotated over
a range of frequencies. Electrical connection to the Pt electrode (located on the inner side
of the electrolyte disc) is made via a carbon brush (that is in constant contact with a brass
collar). Roller bearings are proposed to minimise vibration of the rotating tube at high
rotation rates, provided that the rotating shaft is long enough to keep the roller bearings
away from the hot zone. The use of roller bearings could lead to difficulties in sealing the
system. The supply of argon is proposed to solve this by flushing the system continuously
and so removing any residual oxygen. In addition, electrochemical extraction of oxygen
from the melt is suggested via an external porous platinum electrode on the outer surface

of the YSZ tube (closed at one end) containing the tin.
The major disadvantages of Design 1 were:

- roller bearings impose problems with oxygen leakage into the system;
- the long rotating shaft with unbalanced sheath may cause vibration/bending of the

rotating tube at high rotation rates.

In Design 1, the centre of gravity of the sheath and rotating tube will inevitably not lie on
the axis of rotation and on spinning will cause the tube to ‘flap about’, and so disturb the

hydrodynamic flow pattern across the base of the disc. The effect is worsened upon
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increase of rotation speed as well as the length of the tube below the lower roller bearing.
If the shaft were to be made shorter the upper part of the rig would become hot, which is

not desirable.

3;

gear wheel

electronic contact

-z
Z

S

grub screw 4

carbon brush —~—=

pyrophyllite
or PTFE cap &

J"— brass collar

roller bearing

YSZ tube

7777

AT TTST TSI IIS

roller bearing

0]
2 Pporous Pt
electrode

Figure 10.2 Initial schematic of the cell containing Rotating Electrolyte Disc (Design 1).

Taking into account the listed drawbacks the first design was modified into Design 2, as
illustrated in Figure 10.3. The main improvement was to replace roller bearings with a
stationary tube (tube 2 in Figure 10.3) providing a sliding fit with the rotating tube (tube 1
in Figure 10.3). Holding the stationary tube firmly is expected to prevent significant flexing
of the rotating tube at high rotation speeds. Also, as it was difficult to make a well-defined
and flat structure for the sheath from YSZ tape layers, a simple electrolyte disc with porous
Pt electrode was proposed (Figure 10.3). Supply of air to the Pt electrode at the surface of
YSZ disc is provided via stationary tube 3 (Figure 10.3).
The expected advantages of such a design are as follows:
- if the stationary tube is rigidly held and the rotating tube makes a good sliding fit,
oscillation of the latter transversely should be minimal;
- the new design eliminates use of roller bearings, which were likely to be difficult to
mount, would introduce some slack which would then enhance the vibration
problem associated with spinning and may cause contamination problems from

required lubricant;
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- the rotating tube can be made as long as needed and thereby keep the upper parts
of the system relatively cool;

- replacement of the sheath by a thin YSZ disc with flat surface minimizes the
unbalancing effect on the rotating tube and also improves the flatness of the

surface and uniformity of the thickness of disc.

airin = tube 3- AlLO, (stationary)

carbon brush Eﬂ — tube 1 - Al,0,/ YSZ (rotating)
H Arl

gear wheel brass bush

Al O;collar —— —— gear motor

Z

electronic contact—— %
hylli §
pyrophyllite cap —& %
% N\
NN
YSZ tube / % \ Pt electrode]
7
§ Z disc
tube 2 - AL, O, A
(stationary) §
N
i § | S :
porous Pt i ’; h i
electrode N )
2 //, o

_____

Figure 10.3 The improved design of RED - Design 2.

10.3. The RED modified for aqueous

electrochemical systems
To confirm that the developed RED design (see Figure 10.3) would provide results that are
in good agreement with standard RDE theory, an RED setup was tested in aqueous
systems. The operation in such systems is fairly straightforward, as experiments can be
done at ambient temperature; this simplifies the original design in many aspects mentioned

below.

10.3.1. Construction of the RED setup for aqueous
systems
In order to demonstrate the validity of the concept and design for high temperature
studies, the RED setup was firstly tested using an aqueous system at ambient temperature.

Therefore the design shown in Figure 10.3 was simplified to convert the RED prototype to
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one usable for aqueous systems (see Figure 10.4). The rig consists of one rotating alumina
tube with a disc electrode at the bottom, one stationary (alumina) tube, small gear motor

and gear wheel, carbon brush, and a brass bush.

tube 1 - Al,O,(rotating)
—\—’— brass bush
N 2

gear motor

carbon brush %‘D

gear wheel ———{TT11T}

AlLOjcollar ——
CE R

DL
glass

—_—

container

=g

:

sealing

4 o]
TN T T T T ETTTEUTE AR RER et

tube 2- ALO; 2
(stationary)

" Ptelectrode

Figure 10.4 Design for simplified RED setup in aqueous systems.

The construction was made through the steps described below. The electrode was made
with platinum ink coated onto a 20 mm diameter 8YSZ disc (Fuel Cell Components, USA).
In order to ensure a continuous electrical connection to the rotating electrode, the Pt ink

was applied to both surfaces of the disc and on the edge (see Figure 10.5).

Figure 10.5 The outer side of YSZ disc painted with Pt ink (a) and inner side (b) where Pt mesh and wire are
attached.

Electrical contact to one side of the electrode was made with platinum wire (0.25 mm dia.,
99.9% Pt, Peak Sensors Ltd) of 4 cm long and platinum mesh attached to the YSZ disc
with platinum ink. Subsequently the electrode disc was sintered at 1000 °C for 1 hour,

ramping up and down at 1°C per minute. A second Pt wire (25 cm long) ran inside the
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rotating tube and out through the top to the bush, where it was fixed with a grub screw.
The free end of the second wire was twisted together with the wire attached to the YSZ
disc (as explained earlier). At every stage of processing, continuous electrical connection
was checked with a laboratory multimeter. The connection from the bush was made using

a spring-loaded carbon brush and from there to the potentiostat.

The brass bush (a good sliding fit with the rotating tube) was made in-house (Department
of Chemical Engineering Workshop). The metal bush, PTFE washer and alumina collar
were glued to the top of rotating tube using Rapid Araldite adhesive (RS Components,
UK), while the electrode disc was similarly affixed to the bottom. The Araldite adhesive
was made by mixing epoxy and hardener in equal amounts and it set (cured) at room
temperature in approximately one hour. The PTFE washer was used as lubricant to reduce
any friction between the two alumina tubes, whereas the alumina collar was used to define/

fix the operating position of the rotating tube within the stationary tube.

For good operation of the rig, care was taken to ensure that the plane of the gear wheel and
of the zirconia/ platinum disc were perpendicular to the axis of rotation. This was
particularly important regarding the disc as otherwise the ideal hydrodynamic conditions
considered in the Levich theory were no longer fulfilled. This was confirmed by slowly
rotating the inner tube manually, a visual observation providing a precise check on the

correct a]ignment of COl’IlpOﬂCl’ltS.

An active electrode disc was prepared as follows. Firstly the alumina tube was rotated
through a complete revolution while using a stationary marker to touch the electrode; this
defined a circle (8 mm diameter) chosen to be slightly larger than the required electrode (6
mm diameter). A disc of 6 mm diameter was punched from electrical insulating tape and
stuck centrally within the drawn circle. The whole disc was then coated using a PTFE spray
(RS Components, UK). The disc of insulating tape was then removed leaving the precisely-
defined active circular disc electrode for carrying out the electrochemical tests. Being
hydrophobic the PTFE isolated all surfaces except the exposed 6 mm diameter electrode.

The setup as described above is shown in Figure 10.6.
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~—— gear wheel

gear motor a brass bush

rotating tube

Alumina collar and PTFE

stationary tube washer

Power Supply

Rotating disc electrode

Figure 10.6 The prepared RED setup for aqueous electrochemical testing.

Besides the working electrode which is the rotating disc, a counter electrode (Pt mesh and
Pt wire), reference electrode (Saturated Calomel Electrode (SCE) with 0.249 V potential vs.

SHE with standard electrical connectors to the potentiostat) were applied.

Results from testing the RED set-up with Pt disc electrode in 3 M KCI solution are shown
in the next Section. The rotation speed rate was regulated by adjusting the voltage supplied

to the gear motor, though the rates of rotation were not measured at that stage.

After several tests the Pt electrode detached from the surface of YSZ disc and so was
replaced with an improved arrangement as follows. A flat, 100um thick, 20 mm diameter
gold disc was affixed with Rapid Araldite (RS Components, UK) to the underside of the
rotating electrolyte disc. To enhance electrical connection to the working electrode (gold
disc) conducting Araldite (RS Components, UK) was coated on the rear surface of the gold
to make electrical contact to the platinum wire and platinum track. The gold electrode was
masked off as described above using a non-conducting paint (nail varnish) except for an 8
mm diameter circular disc of gold (centre aligned with the axis of rotation) which remained

exposed and served as the working electrode (Figure 10.7).
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Figure 10.7 Stages in making the gold disc electrode of 8 mm diameter.
Rotation speed measurements were achieved using a 3 mm diameter neodymium disc
magnet (RS Components, UK) attached to the bush, Hall effect sensor (2585852, RS
Components, UK) and universal counter timer 9900 (Racal-Dana Instruments Ltd., UK)

(Figure 10.8). The readings from the time counter were checked with an oscilloscope and a

stroboscope for consistency.

Hall effect sensor

Time
Counter

T Power supply for
Oscilloscope a sensor

Figure 10.8 Experimental set-up for rotation speed measurement using Hall effect sensor and a time counter

171



Rotating Electrolyte Disc system design and testing

10.3.2. RED measurements in aqueous system
The RED setup was applied to study the mass transfer characteristics of the Fe’"/ Fe**
redox reaction in solutions of ferrous and ferric chloride of various concentrations in

acidified 1 and 3 M KCI medium initially using a platinum and later gold disc electrodes.

An equimolar solution of ferrous and ferric chloride (0.014 M) with 3 M KCl as supporting
electrolyte and a platinum disc electrode (WE) on the base of YSZ disc were investigated.
Platinum wire and piece of platinum mesh were used as the counter electrode (CE) and a
saturated calomel electrode (SCE) was employed as a reference electrode (RE). The
potential difference of SCE measured vs. reversible hydrogen electrode (RHE) was

measured to be 0.249 V. The area of the platinum working electrode was 0.28 cm”.

Note that ferric and ferrous chlorides were chosen as analogues to potassium ferri and
ferro cyanides (IKK;Fe(CN), and K,Fe(CN),) that are typically used in standard RDE
measurements'® but were avoided here due to their hazardous nature. The supporting
electrolyte'™ was a solution of 3 M potassium chloride in deionised water, containing 0.014
M of ferric chloride and ferrous chloride. Oxygen in the cell was purged by firstly bubbling
nitrogen through the solution and then continuously blanketing the solution with a
constant flow of nitrogen throughout the experiment. Rotated disc voltammograms
(Figure 10.9) were obtained using various rotation speeds at room temperature. Applying
the linear sweep voltammetry technique the potential was swept from -0.4 V up to +1.4 V
versus SCE with a scan rate of 10 mV s'. The system was operated at progressively

increasing rotation speeds. The estimated accuracy of currents measurements is = 10 pA.
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Figure 10.9 LSVs with increasing rotation rate for the ferrous-ferric redox couple using 0.014 M Fe2+ /0.014M
Fe3t in 3M KCl (data obtained via 6 mm Pt disc electrode).

The obtained data (see Figure 10.9) show that the developed design for RED setup
conforms to standard RDE behaviour, indicating a limiting current density which increased
with rotation speed, w, in both the anodic and cathodic sweeps. Next, having developed the

method for rotation speed measurement, the above experiment was repeated using a
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solution of ferrous and ferric chloride in acidified 1 M KCI solution using a gold disc
electrode (8 mm diameter) (Figure 10.10). In place of the SCE reference, a dipping
platinum wire was used so that potentials were measured versus the equilibrium potential
of the ferrous-ferric couple pertaining in each solution. This reference was simple and
convenient with no junction potential; it operated most successfully and had the unusual

feature that all sweeps showed a zero current at zero applied potential versus the platinum

RE.
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Figure 10.10 Cyclic voltammograms for a range of rotation rates for the ferrous-ferric redox couple using 0.02 M
Fe2t / 0.02 M Fe3* (a) and 0.02 M Fe2* / 0.002 M Fe3* in 1M KCl plus 0.01 M HCI (b) (data obtained via 8 mm
Au disc electrode). The reference electrode was a dipping platinum wire so that potentials shown were versus

the equilibrium potential of the particular ferrous-ferric couple under investigation.

The rapid increase in current at potentials of =2+0.4 V potential in Figure 10.10a indicates
the onset of O, evolution. Sweeps in the negative-going direction did not reach potentials
at which hydrogen is evolved (-0.77 V for equimolar concentrations of Fe’" and Fe™).
Flatter positive-going voltammograms were achieved when the concentration of Fe*" was

reduced as shown in Figure 10.11a, b and these data were used for analysis in respect of

this ion.
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Figure 10.11 Cyclic voltammograms for a range of rotation rates for the ferrous-ferric redox couple using 0.002
M Fe2* / 0.02 M Fe3* in 1M KClI plus 0.01 M HCI (a); expanded view (b) (data obtained via 8 mm Au disc
electrode). The reference electrode was as for Figure 10.10.

Diffusion coefficients for Fe’* and Fe’" were determined from Levich plots (Figure 10.12).
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Figure 10.12 Plots of limiting current density for Fe3* reduction (a) and Fe?* oxidation (b) vs. square root of
rotation speed.

The diffusion coefficients for Fe’*and Fe*" were calculated from the slopes of the Levich
plots to be 4.4 x 10° and 5.8 X 10° cm”s'respectively, which are similar to those reported
by Spiro and Creeth'®(see Table 10.1). The standard error in the diffusion coefficient data
is estimated to be £10%. The correlation with literature values is satisfying, though in this
work, RDE measurements in aqueous systems were made to validate the apparatus and not

to obtain definitive values of the diffusion coefficients.

Table 10.1 Comparison of diffusion coefficients for Fe2* and Fe3* ions with literature.

UCL"*(present work) Spiro and Creeth'’
D(Fe’)/10° (cm®s™) 4.45 4.86
D(Fe*)/10° (cm®s™) 5.81 5.78
Medium (mol dm™) 1 M KCI, 0.01 M HCI 0.05 M HCIO,

10.4. Application of RED to LME SOFCs

10.4.1. Construction of RED for LME SOFCs
Construction of RED setup for high temperatures was based on the design shown in
Figure 10.3 (Design 2) and the previous setup for aqueous systems (Figure 10.6). Some
parts used in the RED for aqueous study were replaced by thermally stable materials. As
such, the disc at the bottom could not be glued with epoxy resin (stable up to 200 °C) and

was replaced by high temperature ceramic cement (Ceramabond 552, Aremco Products,

USA).

Electrical connection to the rotating electrode was complicated by the third alumina tube
(tube 3, Figure 10.3) placed inside the rotating tube for supply of air to electrode surface. If
the Pt wire were to run all the way through the inside of the rotating tube (tube 2, Figure
10.3) as in the case of RED for the aqueous system, the wire would also rotate and as a

result would wrap around the stationary central tube causing it to break.
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To avoid this it was decided to engineer a platinum track on the outer side of rotating tube;
Pt ink was painted along and inside a groove in the alumina tube which was cut with a
diamond tipped drill. Connection from the bottom disc to the track was made with Pt wire.
Electrical connection at the top (to a brass bush) was made by fixing one end of Pt wire to
the Pt track and other end to the bush. Connection of the wire to the track at the top of

the tube was made with conducting adhesive (silver loaded Araldite, RS Components, UK).

The constructed RED set-up based on Design 2 for LME SOFC is shown in Figure
10.13(a). Once assembled the RED apparatus was used in a LMA SOFC cell at 770 °C as
shown in Figure 10.13 (b).

Testing of the RED in LMA SOFC resulted in several problems that were due to
constraints in the size of furnace and poor sealing of the electrolyte disc to the bottom of
the rotating tube. From one aspect, the furnace used in the first instance enabled the
application of relatively small (19 mm outer diameter) and hence less expensive YSZ tube
that contained the RED immersed into liquid tin (Figure 10.3). However, from the other
aspect, the small size of the furnace gave very little flexibility and generated unfavourable
conditions of liquid flow around the disc, which upon rotation may lead to formation of
vortices that may introduce distortion to the liquid flow'"™'"'*". Once tin was molten, the
RED was inserted inside the YSZ tube, which caused cracking of the latter due to thermal
shock. In addition, gas tight sealing of the YSZ disc at the bottom of rotating alumina tube
was not achieved. This was probably due to mismatch of thermal expansion coefficients
between 8YSZ (11 x 10°/ °C) and alumina (8.4 X 10°/ °C), which resulted in a porous

seal.

To resolve practical challenges, a larger furnace was purchased and this has opened up new
possibilities in designing the latest system. The new design aimed to address disadvantages
from Design 2 and also to take into account technical problems arisen from initial testing

of RED in LMA SOFC.

175



Rotating Electrolyte Disc system design and testing

Figure 10.13The ready RED set-up in operation of LME SOFCs.

10.4.2. Final design for RED for LME SOFCs
The latest design (Design 3) is shown Figure 10.14 and its rationale in comparison with

Design 2 (Figure 10.3) is summarised as follows.

T tube 3 - Al,O, (stationary)
— tube 1 - YSZ (rotating)

carbon brush

gear wheel

electronic contacts to Sn =——|

pyrophyllite cap — R Q

silica tube —
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tube 2 - Al, O,
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T T Ty E

porous Pt
electrode

YSZ disc

Figure 10.14 The latest design of RED - Design 3.
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Application of a larger furnace allowed the use of a larger container (silica instead of
zirconia having an advantage in terms of cost) for tin and the RED minimising edge effects

regarding the hydrodynamics, as well as turbulence of the flow.

The second major change in Design 3 was replacement of the rotating tube material from
alumina to YSZ in order to eliminate thermal expansion difference of the two components
(tube and disc) and should prevent breakage of the seal. A glass-ceramic sealant has been
sourced to replace the ceramic cement, which may improve the sealing and resolve the

sealing problem.

The possibility to pump oxygen in/out of tin is proposed via application of the same YSZ
rotating tube to avoid use of an extra YSZ tube that would have been immersed into the

liquid metal for pumping of oxygen into and out of the tin.

Another important improvement of the latest design is the placement of the reference
electrode within the WE disc. Also, a second electronic contact to tin is proposed to be
used for sensing the electrode connections. This will eliminate any ohmic drop in the

current collector that is in contact with the tin.

Electrical connections from the electrodes coated on the inner side of the rotating YSZ
tube (for oxygen pump) and from the YSZ discs (from CE and RE) require four brass
bushes and four carbon brushes that are electrically isolated from each other. Note that the
glass-ceramic seal employed between the YSZ disc and YSZ tube will totally isolate
pumping and working electrodes from each other. Work is underway to construct the RED

apparatus based upon Design 3.

10.4.3. Electrochemical system for RED studies
It is suggested that the assembled RED system should be tested in the following system to

explore mass-transport and kinetics processes within the liquid tin anode SOFC:
(Working Electrode) (H,)/At, [O]s,| LMA|YSZ, Pt, air (Counter Electrode)

Following the latest design of RED, the potential applied via the pumping electrode sets
the concentration of dissolved oxygen, [Olg,, in tin. Counter and reference electrodes (Pt air
electrodes) are painted on the inner surface of the rotating electrolyte disc in accordance

with the latest design.

Oxygen is pumped in/out of the system to maintain the concentration of oxygen in tin at a
fixed value and below the solubility limit, and so prevent oxidation of liquid tin to tin oxide
or dioxide in the bulk. This is achieved by using rotating YSZ tube as oxygen pump with Pt

electrode painted on its inner side and liquid tin electrode on its outside (Design 3; Figure
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10.14). For similar reasons, argon will be blown into the silica container to keep the O,

level very low.

Having examined oxidation of H, and water dissociation in LMA SOFCs (see Chapters 7-
9), the assembled RED set-up is intended to investigate kinetics and mass-transport of
either anodic injection of oxygen (as part of oxidation of H, in LTA SOFC) or cathodic

oxygen reduction (in case of water dissociation) reactions as shown in Equation (10.1).

0%~ S [0]sp + 2e~ (10.1)

It is planned to operate the system in a narrow potential window whereby formation of tin
oxide is eliminated (mode CE). The measurement of the diffusion coefficient of dissolved
oxygen is anticipated. The determination is important as it will be obtained via a direct

method rather than an indirect one as applied by Abernathy ez a/.°

10.5. Conclusion

A novel rotating electrolyte disc (RED) has been proposed as an inverted Rotating Disc
Electrode (RDE) technique where a solid electrolyte disc rotates in a liquid electrode, as
opposed to a solid electrode rotating in a liquid electrolyte. This unique apparatus is being
developed for examination of transport properties and mechanisms within the liquid metal
anode. The oxidation of hydrogen and/or electrolysis of water observed in LMA SOFC are
proposed for examination via RED. In particular, the anodic injection of oxygen and
cathodic extraction/ reduction of oxygen are two reactions to be quantified by applying

RDE theory.

Prior to construction of the RED apparatus, various designs were suggested and
progressively improved. Once the finalised design for RED was proposed, the engineering
aspects of RED were tested in a simple aqueous system. For that, a modified version of
RED was built and tested in an electrochemical system with ferrous and ferric chloride
solutions in KCl electrolyte media. The obtained data show that the developed design
conforms to standard RDE behaviour (increasing rotation speed w increased the observed
limiting current density). The diffusion coefficients for Fe’* and Fe" were calculated from
the slopes of the Levich plots to be 4.4 X 10° and 5.8 X 10°cm’ s™ respectively, which are

similar to literature values.

Having been tested in aqueous system, the RED was constructed according to Design 2
and tested in LMA SOFC. Electrochemical data could not be obtained due to technical
problems arising from imperfections of Design 2 and also some practical issues, such as

poor sealing between the YSZ disc and alumina tube. This and other disadvantages have
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been addressed in the latest design of RED. The full details of the final design are outlined,

and the construction of the RED in accordance with it is in progress.
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11. Conclusion and future

work

This thesis presents experimental findings from operation of liquid metal anode solid oxide
fuel cells (LMA SOFCs) fuelled with hydrogen in Electrochemical-Chemical (EC) and
Chemical-Electrochemical (CE) modes, as well as on operation of a reverse SOFC with
liquid metal electrode for water electrolysis. A novel Rotating Electrolyte Disc (RED)
technique is proposed to provide fuller understanding of the fundamental operation of
LMA SOFCs. Initial results, including the testing of RED in an aqueous electrochemical
system are discussed. This section summarises the main contributions of the obtained

results.

11.1. Conclusion

There is growing awareness of the detrimental consequences of carbon dioxide emissions
that drives development of environmentally friendly technologies for power generation
from fossil fuels. LMA SOFCs offer the possibility of direct and highly efficient
electrochemical conversion of solid fuels into electrical energy, with reduced levels of pure
CO, (not diluted with NO, gases). As an alternative to conventional power generating
technologies, the LMA SOFC fuelled with hydrogen has been considered in this study. The
use of hydrogen is considered as a model system for studying this technology to provide a

basis for studies involving solid carbon fuel.

This novel type of solid oxide fuel cell with liquid metal electrodes (anodes) has the
advantage of greater fuel tolerance, the ability to operate on solid fuel as well as to perform
in battery mode in case of temporary fuel starvation. A range of metals have been reviewed
including tin, the anode material on which most research has been performed. The key
concepts of this technology are discussed along with the open research challenges that need
to be addressed for its scale-up and commercialisation. Despite numerous studies,
understanding of the reaction kinetics at the liquid metal-fuel and liquid metal-electrolyte
interfaces, as well as oxygen diffusivity through the liquid metal layer, needs further

systematic investigation.

Electrochemical cells, and a workstation developed for electrochemical characterisation of

LMA SOFCs, have been developed and tested and investigation of the ionic conductivity
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of the solid electrolyte chosen for this project (yttria-stabilised zirconia) has been made.
First, potentiometric measurements using 10 mol.% yttria-stabilised zirconia (10YSZ)
symmetrical cells as an oxygen sensor resulted in close agreement between measured and
calculated concentration of oxygen for the applied range of gas flow rates. Then a series of
linear sweep voltammetries from -1.0 to 1.0 V for temperature range (500 - 800 °C) yielded
current-voltage curves whereby the conductivity for 10YSZ increased progressively up to
800 °C (this included the overpotential on Pt electrodes). Lastly, the precise determination
of YSZ ionic conductivity was performed using the Electrochemical Impedance
Spectroscopy (EIS) technique. The EIS spectra showed substantial reduction in bulk
resistance of electrolyte in agreement with the Arrhenius relationship. Ionic conductivity of
6 mol.% YSZ at 1000 °C was calculated to be 6.58 X 10° S cm™ which was in agreement
with reported value of 6.67 X 10” S cm™ for 7.5 mol.% YSZ. These results assisted in
evaluating the electrolyte based on mechanical and electrical properties. As a result, the
original 6mol.% YSZ electrolyte was replaced with the more conductive 8 mol.% YSZ

electrolyte.

Measurements of open circuit potential as a function of temperature for liquid tin anode
SOFC (operated in battery mode) resulted in close agreement with thermodynamic
predictions. This result confirmed the validity of the workstation and cell components
required for testing of LMA SOFCs. Another outcome was the validation of the use of a
glassy carbon rod as a current collector from liquid tin, which remained inert and had no

alloying/ corrosion issues throughout numerous experiments.

An optimisation of the workstation was performed to investigate and minimise inevitable
leak of oxygen into the LMA SOFC system. Experimental work involved the measurement
of permeation rates of air (oxygen) through plastic tubing incorporated in the developed
experimental rig. The concentration of leaked oxygen was found to be inversely
proportional to the gas flow rate. Apart from oxygen that leaked from ambient air,
additional pumping of oxygen was made using the YSZ oxygen pump. The amount of
pumped oxygen was found to be consistent with Faraday’s law, which confirmed reliability
and accuracy of the electrochemical oxygen pump. Parasitic ingress of oxygen decreased
upon reduction in the length of silicone peroxide tubing and later via its complete
replacement with hard nylon tubing. A methodology to account for the effect of oxygen
leakage into the fuel cell on the overall current was also developed. It was found that about
57% of the pumped current (translated to oxygen) is attributed to the change in fuel cell

reduction current. The developed technique was an important step that allowed the effect
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of leaked oxygen to be separated from other processes occurring in the liquid tin anode.

This practice was successfully utilised throughout the whole study.

Followed by the experimental optimisation, a classification for the mechanisms for
oxidation of gaseous fuel (hydrogen) in liquid metal anode SOFCs depending on the
reaction conditions was described in Chapter 6. The proposed mechanisms are suggested
to be true for all metal anodes associated with formation of solid metal oxide upon
polarisation. Four different modes of operation (and hence mechanisms for oxidation)
were identified: direct electrochemical oxidation of fuel gas at the liquid metal anode/ YSZ
interface (E mode); homogeneous oxidation of fuel in the bulk of the liquid anode by
dissolved oxygen, followed by electrochemical injection of oxygen to replace the consumed
oxygen (CE mode); electrochemical oxidation of liquid metal at the anode/ electrolyte
interface, followed by chemical oxidation of fuel by metal oxide in the bulk of the metal
(Electrochemical-Chemical mode 1 (EC1)); and electrochemical oxidation of liquid metal at
a rate significantly higher than metal oxide reduction with fuel, which may lead to the
formation of a blocking metal oxide layer (Electrochemical-Chemical mode 2 (EC2)).
Operation of a liquid tin anode SOFC in the commonly applied EC modes was performed.
The obtained polarisation curve resulted in a “turning point” on the potential axis, beyond
which the current density reduced dramatically and hence the fuel cell performance
dropped. The decline in current density was attributed to the formation of a blocking layer
of SnO, at the liquid tin / electrolyte interface. The findings from the polatisation curve
were in agreement with reported studies. This result pointed to the requirement for a study
where operation was in a potential region in which there was no formation of tin oxide,
which entails E/ CE modes as the only possibilities. This enables the elimination of
formation of the blocking layer and investigation of significant parameters for fuel

oxidation within the liquid metal anode.

The oxidation of hydrogen in LMA SOFCs was examined in Chapter 7. Steady anodic
currents were essentially proportional to hydrogen partial pressure and independent of total
gas flow rate. Two models were considered for either (i) direct anodic oxidation of
dissolved hydrogen (£ mode) or (ii) homogeneous reaction between dissolved hydrogen
and oxygen, followed by anodic injection of oxygen to replace that removed by the
chemical reaction (CE mode). The former model was rejected as it required the
incorporation of the hydrogen / argon fuel gas in the form of a persistent foam which was
not detected. The latter model was validated using steady-state and dynamic
experimentally-generated data and resulted in the evolution of the parameter Z. This

parameter, termed the dynamic oxygen utilisation coefficient, does not have fundamental
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significance but is likely to be of technological importance when designing LMA SOFC
reactors. It is shown that Z parameter is closely related to the Damkohler number which

compares the rates of chemical reaction and mass-transfer in the process.

The model for CE mode was further validated in Chapter 8. For that, a method termed
anodic injection coulometry (AIC) was proposed and developed to determine the
parameter Z, which depends upon geometric (electrode area and volume of tin), mass-
transfer (diffusion layer thickness and diffusion coefficient of dissolved oxygen) and kinetic
factors in the cell. The LMA SOFC was operated in two regimes, whereby anodic injection
of oxygen at the liquid tin / YSZ interface was measured with time at a fixed applied
potential (after a specific period of hydrogen dissolution at open circuit). The potential of
the liquid tin was chosen to be close (within 10 mV) to the equilibrium potential of the
Sn/SnO, couple. At this potential the oxygen concentration is expected to be close to the
saturated value, as moving to more positive potentials would result in precipitation of
SnO,. Theoretical treatment of the coulombic anodic injection charge from each regime
enabled the value of Z to be determined and was found to 0.83 for hydrogen partial
pressure of 16 kPaj; it also enabled a measurement of oxygen solubility in liquid tin at 780
°C of 0.10 at.% to be made. The obtained value was found to be similar to literature

values. The estimated uncertainty on Z; value is 3.5 % (i.e. Z; =0.83 + 0.03).

A novel concept for water (steam) electrolysis using the liquid metal electrode solid oxide
system is demonstrated in Chapter 9. It is suggested that water dissolves in the tin
whereupon it dissociates into hydrogen (which is carried away in the inert gas stream) and
dissolved oxygen in monoatomic form. This increases the dissolved oxygen concentration
which drives cathodic oxygen extraction. Initial experimental data showed that measured
current-time curves followed an exponential function with time constants slightly higher
than ones measured for hydrogen oxidation (followed by anodic injection of oxygen). More
experimental and modelling work is required to fully understand the operation of reverse

LMA SOFCs for water electrolysis.

The experimental and modelling work presented so far has clarified the behaviour of the
oxygen-hydrogen/water tin system in the ‘inert window’ and provided a firm basis for

proceeding with studies via the Rotating Electrolyte Disc (RED).

The final part of this study presents the development of a novel Rotating Electrolyte Disc
(RED) technique for determination of parameters controlling mass transport of dissolved
oxygen (and /or other gases) and oxidised species including metal oxide in the liquid metal;
the technique also provides the possibility for investigation of heterogeneous and

homogeneous reaction kinetics, as well as the influence of electrode contaminants. In the
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proposed design, a solid electrolyte disc rotates in a liquid metal electrode (e.g. tin), as
opposed to a solid electrode disc rotating in a liquid electrolyte, making this concept
unique. Evolution of designs for novel RED apparatus and construction for high
temperature studies is presented. In order to demonstrate the validity of the concept and
design for high temperature systems, the engineering aspects of the RED apparatus were
tested in an aqueous electrochemical system (equimolar solution of ferrous and ferric
chloride with KCl as supporting electrolyte and a gold disc electrode on the base of the
zirconia disc). The obtained data show that the developed design conforms to standard
RDE behaviour (increasing rotation speed w increased the observed limiting current

density).

The diffusion coefficients for Fe’" and Fe** as calculated from the slopes of the Levich
plots were found to be 4.4 x 10° and 5.8 X 10° cm® s™ respectively, which are similar to
those reported in the literature. The standard error in the diffusion coefficient data is
estimated to be £10%. The model system for application of RED for investigation of LME
SOFCs has been discussed.

11.2. Recommendations for future work
This project has been aimed at understanding the mechanisms of operation in liquid metal
anode solid oxide fuel cells (LMA SOFCs). Options for future work in this area are split
into three phases: short-term, medium-term and long-term.

In the short-term, construction of the rotating electrolyte disc (RED) apparatus
based upon the latest design, proposed in this study, can be done. This work involves three
main aspects: sealing of the rotating electrolyte disc affixed to the bottom of rotating tube,
development of electrical connection from three electrodes system and construction of
mechanical parts that enable rotation of the RED setup in liquid tin up to 1800 rpm at
temperatures >700 °C.

This work is followed by application of built RED apparatus for studies in LMA SOFCs.
This encompasses experimental work on oxygen reduction reaction at rotating
electrolyte/liquid tin interface at various rotation speeds. The concentration of oxygen can
be set via the potential applied to the liquid tin electrode, while the diffusion layer thickness
is fixed via rotation speed. Applying the Levich, Koutecki-Levich analysis it is possible to
elucidate mass transport (diffusion coefficient of dissolved oxygen) and kinetic (if any)
parameters for the oxygen reduction reaction.

The next step in the application of the RED can be done in the model system developed in
this thesis (Chapters 7 and 8), whereby oxidation of hydrogen takes place in an LMA
SOFC operated in mode CE. The data generated with the RED can be compared to
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previous data from a stationary system. Most importantly, the results will provide an insight
into the mechanisms underpinning transport and kinetic phenomena within the liquid
metal anode during the fuel oxidation process. The measurement of diffusion coefficient of
dissolved oxygen can be compared to the one found in the step above and ideally should
remain constant.
The work outlined above may take six months and requires only one PhD student.

The medium-term work is outlined as follows and would require a team of up to
a dozen researchers. The time scale for a medium-term work may be up to five-six years.
The first step would be the optimization of an existing workstation built for stationary
electrochemical testing of LMA SOFCs. One of the challenges in this study was parasitic
ingress of oxygen into the fuel cell despite substantial improvement of the rig, such as
replacement of silicone tubing with impermeable nylon tubing. Therefore it is essential to
replace all plastic tubing with stainless steel tubing and most importantly to apply stainless
steel joints, valves, etc. In addition the supplied fuel (gaseous mixture of inert gas and fuel)
should be passed through a titanium furnace to reduce the oxygen level down to few (ca. 5-
10) ppm.
The optimization of the workstation should be followed by further experimental work on
hydrogen oxidation in LMA SOFCs in CE mode (as described in Chapters 7 and 8) at
various operating potentials (less positive than -0.90 V vs. RE employed in this study). This
can be done in order to examine the effect of potential on the time-constants and test the
validity of the model in wider potential range. In addition, it would be interesting to alter
the geometry of the cell (e.g. electrode area and tin volume) to see if the value of dynamic
oxygen utilization coefficient is consistent with predictions from the CE model.
In addition, variation in the operating temperature and applied potential (further away or
closer to the Sn/SnO, equilibrium potential) may potentally result in the range of oxygen
solubility measured with greater accuracy than the one in this work, as this time the oxygen
leakage will be reduced to minimum.
The following step should involve improvement of the current electrochemical model for
CE mode including refinement of the assumption on identification of the rate-determining
step in hydrogen oxidation process. In the present model this assumption was made
because the supplied fuel was dry (i.e. contained only traces of water) and hence the
backward reaction (water reduction) was ignored. This assumption may not be absolutely
true and in order to investigate it additional work with humidified hydrogen can be done.
Combining the results from both models (hydrogen oxidation in CE mode and water

electrolysis) should result in a model with more defined boundary conditions.
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Conclusion and future work

The basis of an improved model can be applicable for modelling of a more complicated
system involving other gaseous fuels (e.g. carbon monoxide) which are of practical interest.
A model that incorporates oxidation of carbon monoxide instead of hydrogen should be
developed in conjunction with practical work on evaluation of the performance of LMA
SOFC with other fuels such as carbon monoxide and solid carbon.

Large deposits of coal worldwide provide a niche for this technology in the global market,
particularly in the coal-dependent countries. With regards to fuel cell testing using solid
carbon, the effect of carbon particles size on the performance should be evaluated.

Greater attention is needed to explore one of the benefits of this technology — anode
tolerance to fuel impurities”. Initial studies may involve evaluation of LMA performance in
presence of common contaminants (e.g. sulphur), which according to the literature should
electrochemically oxidise in the bulk of liquid anode and serve as additional energy source
(acting as a fuel).

Application of carbonaceous fuels (gaseous or solid) requires the analysis of the gas outlet
from the fuel cell using the gas chromatographer or mass spectrometer. This would
provide additional information concerning the kinetics of the reduction of dissolved
oxygen and /or metal oxide and enable their comparison with the anode oxidation kinetics.
It would also allow the practical efficiency of the fuel oxidation processes with both solid
carbon and gaseous CO to be measured.

In addition to a tubular design (applied in the present work), a pellet cell design can be
introduced to perform electrochemical characterisation of LMA SOFCs. In such a design,
a thin electrolyte pellet is affixed to the bottom of zirconia tube with high temperature,
non-porous sealant. Once zx-sitn electrochemical characterisation has been made, the pellet
can be dismantled from the supporting tube and be exposed to further ex-szzu physical
characterisation. Analysis of Sn|SnO,|YSZ interphases using scanning electron
microscopy along with energy-dispersive X-ray spectroscopy (EDX) would provide more
detailed information on structure of the electrodes, formation of a blocking layer, etc.
compared to the previously applied tubular cell.

In parallel to studies on oxidation of fuel in chemical —electrochemical (CE) mode, the
operation of LMA SFOCs in common in literature electrochemical —chemical (EC) modes
is appropriate.

The application of the electrochemical impedance spectroscopy (EIS) may be particulatly
interesting to differentiate various losses in the LMA SOFC operated in both CE and EC
modes. The EIS data on operation of LMA SOFC in EC modes has been measured

previously; however, no EIS data is available for LMA system operating in the CE mode.
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Conclusion and future work

Development of a model for EC modes would be valuable, as it may generate additional
parameters to be taken into consideration for design of LMA SOFCs with improved
performance.

Electrolytic performance of liquid metal electrode systems can be of practical interest.
Further experimental work is required on water (steam) electrolysis using the liquid metal
electrode. In particular, a wider partial pressure range of water should be applied (using the
heated lines) with minimal inclusion of parasitic oxygen to investigate the mechanism for
water electrolysis. If initial studies show promising results, further exploration of two liquid
metal electrodes (cathode and anode) for steam electrolysis and fuel oxidation (similar to
conventional solid oxide steam electrolysers) can be made. It is optional to examine water
electrolysis and may not be part of this work plan as the main focus of this study is fuel cell
operation.

Once fundamental data on mechanisms and transport properties of LMA SOFCs are
obtained in work under short term and medium term time scale, their implication for the
scale-up of the technology would be appropriate. The obtained findings should
complement the development of commercial cells and stacks. For that the development of
multi-scale and multi-physics models (using COMSOL software, for example) can be
undertaken. Thermal imaging technique may be applied additionally for examination of the
heat transfer process.

The long-term goals for an improved development of LMA SOFC technology include
development and testing of LMA SOFC stacks, techno-economic analysis of LMA SOFC
stacks in terms its performance, capital and maintenance costs. One of the biggest
challenges in the development of the stacks might be the poor wetting properties of tin. In
the present study, only large volume of molten tin anode was used. Therefore an
optimization work would be necessary to identify the optimum thickness of liquid anode,
as well as conditions at which its surface tension is the lowest.

As such, for successful implementation of LMA SOFCs, its economics has to be
competitive with existing mature technologies (e.g. power plants). Therefore, analysis of the
capital costs of stack manufacture, maintenance costs and future electricity costs will provide a
basis for improvements to the design of LMA SOFCs. At later stages trialing of the pilot
plant with built LMA SOFC stacks can be made. The rough estimate on the time frame

for long-term is about 20 years.
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Nomenclature

Nomenclature

Parameters
and
Variables

91}

Uw SIg O l\‘;u Qu

Description

(a) Rate of electrochemical oxidation of metal to metal
oxide
(b) Tafel equation constant
Activity of a specie 7
Specific external surface area of the catalyst pellet in

Equation(7.55)/m*(kgcat)”!

Intercept (concentration of O, in the carrier gas, N,)
(a) Are of reaction interface/ cm’
(b) Disc electrode surface area/ cm’
(c) Cross-sectional area of component i / cm®
(d) Area of permeable membrane / cm®
(a) Rate of chemical reduction of metal oxide to metal
(b) Tafel equation constant
Concentration of hydrogen in the bulk of the melt / mol cm”
Steady value of ¢ at p),
Steady value of ¢ at p,
Steady value of ¢ at p
Concentration of water in the bulk of the melt / mol cm™
a) Concentration of oxygen in the bulk of the melt / mol cm”

b) Concentration of leaking oxygen / ppm

Steady concentration of oxygen in the bulk of the melt at p, /
mol cm”

Steady concentration of oxygen in the bulk of the melt at p, /
mol cm”

Initial concentration of oxygen after switch from OC to
potential, £ / mol cm™

Saturated concentration of oxygen at potential E in the bulk of
the melt at p=0 / mol cm”

Equilibrium concentration of dissolved oxygen at potential I in
the bulk of the melt at p =0 / mol cm”

Saturated concentration of hydrogen in the bulk of the melt /
mol cm”

Saturated concentration of hydrogen in the bulk of the melt at
2, / molcm”

Saturated concentration of hydrogen in the bulk of the melt at
p,/ mol cm”

The difference between the equilibrium oxygen concentration at
potential E and concentration in the bulk (Equation 9.16)

The value of € at p"’ = p,"’

The value of € at p”’ = p,"

Concentration of analyte in bulk solution / mol cm”

Diffusion coefficient / cm?®s™

Diffusion coefficient of oxygen in the melt/ cm”s”

Diffusion coefficient of hydrogen in the melt / cm®s™
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6.2

224
223
7.6

5.2.1

7.4

3.4.4

2.2.4

52

6.2

2.2.4

7.4
Appendix C
7.4
Appendix C
9.3.3

7.6

5.2.1
7.6

7.6

8.4.1

7.6

9.3.3
Appendix C
Appendix C
7.4

9.3.3

9.3.3
9.3.3
344

7.6
7.4



Nomenclature

Da
Day,

cell

m\mgmmm

0
4 G M-MOn

AH
7
Loathodic
2y
A

ot

e

NN

SN

=]

Damkohler number

The second Damkohler number

Potential / V

Activation energy for conduction/ kJ mol”

Cell potential / V

Nernst Potential / V

Reversible potential / V

Frequency / number of revolutions pet second
Faraday’s constant / 96,485 C mol-eq’'

Total Gibbs free energy change / ] mol”

Gibbs free energy change of reaction / ] mol’
Gibbs free energy for metal oxidation reaction
M+ (n/2)0, 2> MO,)

Total Enthalpy of reaction /] mol”

Anodic oxidation or cathodic reduction current / mA
Parasitic oxygen reduction cutrent / mA
Diffusion-controlled current / A (Equation (3.6))
Kinetic current / A

Steady anodic current at p,/ mA

a) Steady anodic current at p, / mA

b) Steady cathodic current at p, / mA
Initial (maximum) anodic current after switch from OC to
potential, £/ mA
Pumped current / A
Amplitude of current sinusoidal oscillation / A
Current sinusoidal oscillations / A
Current density / A cm”

Exchange current density / A cm™

Limiting current density / A cm™

Permeation rate (flux) of gas through a membrane / cm’ s’
Flux of oxygen in the melt /mol s’

Flux of hydrogen in the melt /mol s

Boltzmann constant / ] K

a) Rate constant in Equation (3.8)

b) Mass-transfer coefficient/ m s in Equation (7.55)
Rate constant for homogeneous oxidation of hydrogen in liquid
metal / s’ mol”® cm®
Rate constant for the dissolution of hydrogen in liquid metal /
cm’ s’

Equilibrium constant for hydrogen dissolution in liquid metal /
mol cm” kPa™’ (Equation (7.29)

Proportionality constant in Equation (7.7) /C cm® (mol-eq" s)"
Proportionality constant in Equation (7.36)/C cm’(mol-eq s)"
Henry’s law constant / mol (cm’ kPa)" (Equation (7.19))
Homogeneous rate constant for Reaction (9.4)/mol (cm’kPa)’
Henry’s law constant / mol (cm’ kPa) " (Equation 9.7)

Rate coefficient in Equation (7.55)/m’(kg_)"s”
Sub-parameter of Z;, defined by Equations (7.56) and (7.57) and
dependent upon geometric and convective factors/ kPa’
Sievert’s constant / mol cm” Pa®’ (Equation (8.2))

Total length of permeable tubing / cm

Conductivity path length in cell component 7/ m

Number of electrons transferred in electrochemical reaction
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7.6
7.6

4.2.1
224
223
222
343
222
222
2.3.2
23.2

222

7.3.1
3.4.4
3.4.4
7.4

7.4

9.3.3
8.4.1

521
343
3.4.3
224
224
224
52
7.6
7.4
4.2.1
3.4.4
7.6
7.6

7.4
7.6

7.4
7.6
7.4
9.3.3
9.3.3
7.6
7.6.1

8.2
5.2.1
224



Nomenclature

2

2,

2,

b

b

4p
pozsample
Po,,, ;

p
PAV

Qo
Q1

l
1

Q2

l
2

Qs

Stoichiometric number

Number of moles of hydrogen

Number of moles of oxygen

Solubility of oxygen / at.%

Partial pressure of a gas 7 / kPa

Partial pressure of hydrogen / kPa

Partial pressure of hydrogen at #= 0 / kPa
Partial pressure of hydrogen at # = #, / kPa
Water vapour partial pressure / kPa

Partial pressure of water vapour at 7= 0 / kPa
Partial pressure of water vapour at 7= 7, / kPa
Pressure difference

Partial pressure of oxygen in sample gas (Equation (5.10))

Measuted concentration of oxygen in reference gas / ppm
(Equation (5.10))

Permeability coefficient / cm® s Pa’!

Expansion or compression work / ] mol’'

Total heat added or removed from a system / ] mol”
Coulombic charge in Regime 1(after switch of potential from
OCtoE)/C

Coulombic charge in Regime 1(after switch of potential from
OC to E) / C (E mode)

Coulombic charge in Regime 2 (after switch of potential from
OCtoE)/C

Coulombic charge in Regime 2 (after switch of potential from
OC to E) / C (E mode)

Coulombic charge in Regime 3 (after switch of potential from
OCtoE)/C

Coulombic charge in Regime 3 (after switch of potential from
OC to E) / C (E mode)

Universal gas constant / ] mol' K

Total resistance of a cell / Q

Radius of permeable tubing / cm

External radius of permeable tubing / cm

Internal radius of permeable tubing / cm

Slope of [%] tzovs.p’g equivalent to kq (k;)%k5C*

Slope of 4,vs. p, equivalent to nFVk,(k,)?Z,C*
Absorption coefficient in Equation (5.1) / cm Pa
Total entropy change / J (mol K)

Time / s

Transport number of a mobile ion

Time at which p(H,) changes from p, to p, / s

Time at which potential is switched from E to OC / s
Time at which potential is switched from OC back to E / s
Absolute temperature / K

Total change in in internal energy / ] mol”

Kinematic viscosity / cm” sec”

Stoichiometric factor of a specie 7

a) Volume of gas that penetrates through membrane/cm’
b) Volume of the melt (liquid tin) / cm’
Amplitude of voltage sinusoidal oscillation / V
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23.2
7.4
54.2
233
222
7.4
7.4
7.4
9.3.3
9.3.3
9.3.3
5.2
522

522

5.2

222
222
8.4.1

Appendix C
8.4.1
Appendix C
8.4.1

Appendix C

224
54.3
54.3
543
7.6.2

7.6.2
222

4.2.1
7.4

8.4.1
8.4.1

222
344
23.2

52
7.4
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Nomenclature

V()

w

elec

“SS

S

SN e
3

N

NN N S

Q

Subscripts
a
act

b
bulk
¢
cone
e

gb
H,
H,O
/

Voltage sinusoidal oscillations / V
Measure of the balance between the rates of hydrogen
dissolution in liquid metal and its removal by anodic oxidation
(Equation (7.10))
Total work / ] mol"
Electrical work / ] mol’
Ratio of the two rates: electrochemical oxidation of metal to
metal oxide and chemical reduction of metal oxide to metal
Flow rate of gas / ml s

(a) Admittance / Q"

(b) Permeation rate of oxygen through plastic tubing/cm’s”
Real part of impedance / Q'
Imaginary part of admittance / Q"
Dynamic oxygen utilisation coefficient defined by the Equation
(7.40)
Avalueof Zatp = p,
Impedance / Q
Imaginary part of impedance / Q
Real part of impedance /Q

Charge transfer coefficient
Diffusion layer thickness / cm
Ovetvoltage (potential loss) / V
a) Electronic conductivity / S m’
b) Tonic conductivity/ S m
Pre-exponential factor in Equation (4.6.)
Permeable membrane thickness / cm
Characteristic time of the chemical reaction in Equation
(7.54) /s
Mixing time that can be controlled by hydrodynamics or by

diffusion in Equation (7.54) / s

Phase shift between voltage and current sinusoidal signal /°
a) Angular frequency / Hz
b) Angular velocity of rotation / revolutions per second
(rad s
Resistance / Ohm

Anode
Activation
Boiling

Bulk

Cathode
Concentration
Electrode
Grain boundary
Hydrogen
Water /Steam
Liquid
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3.4.3
7.4

222
222
6.2

521
343
5.2.1
343
343
7.6

7.6

3.4.3
3.4.3
3.4.3

224
7.4
224
224
4.2.1
4.2.1
52
7.6

343
343
344

4.4.3



ohmic

react

Steady

f

rev
Superscripts

2»

Abbreviation
AFC
CE
CHP
CHPP
CNC
DCFC
EMF
GT
1D
LHV
LMA
LME
LTA
MCFC
OCP
ocCcVv
OD
PAFC
PEMFC
RDE

RED
SE
SOE
SOFC
SOSE
WE
YSZ

Limiting

Metal

Stoichiometric number
Oxygen

Ohmic

Reaction zone

Steady

Reference

Reversible

Hydrogen
Water/steam
Oxygen

Description
Alkaline fuel cell
Counter electrode
Combined heat and power
Combined heat and power plant
Computer Numerical Control
Direct carbon fuel cell
Electromotive force / V
Gas turbine
Internal diameter
Low heating value
Liquid metal anode
Liquid metal electrode
Liquid tin anode
Molten carbonate fuel cell
Open circuit potential / V
Open circuit voltage / V
Outer diameter
Phosphoric acid fuel cell
Polymer electrolyte membrane fuel cell
Rotating disc electrode
Reference electrode
Rotating electrolyte disc
Sensing electrode
Solid oxide electrolysis
Solid oxide fuel cell
Solid oxide steam electrolysis
Working electrode
Yttria-stabilised zirconia
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Appendix

A. Electrical furnace temperature profile
In an electrical furnace mounted vertically the temperature distribution over the total
furnace length is not uniform. Therefore to identify the hottest zone in the furnace the
temperature profile inside the electrical vertical furnace was measured using a K-type
thermocouple (separately from the furnace’s thermocouple) for two different set points of

600 °C and 700 °C and the results are illustrated in Figure A.1.
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Figure A.1 Measured temperature profile inside the furnace for set points of 600 and 700 °C.

From Figure A.1 an electrochemical cell is decided to be placed only in the middle part of
the furnace which is about 80 mm from the top of the furnace. However, for more
accurate temperature reading a K-type thermocouple is placed parallel to the measured

system (e.g. fuel cell, symmetrical cell or silica tube cell).
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Determination of permeability coefficient for plastic tubing

B. Determination of permeability coefficient for

plastic tubing
Steady-state diffusion is quantified by Fick’s first law of diffusion:
dc B.1)
= —-DA—
J dx

where | is the flux through area A, D is the diffusion coefficient and dr/dx is the

concentration gradient.

Diffusion of gas through a membrane is given by the equation corresponding to equation

(B.1) is as follows:

_ ,,dp B.2)
J=-PAGS

where P is the permeability coefficient and dp/dx is the gaseous pressure gradient (which is

also a partial pressure gradient).

Consider the permeation through a plastic tube with the element radius, 7 and thickness, dr.

Note that concentration of O, inside the tubing is assumed to be zero, ¢ = 0.

External,R;

Internal, R,

Figure B.1 Schematic representation of plastic tubing with external (r;) and internal (r2) radii and element
radius, r and thickness, dr.

Applying Equation (B.2):

d 3
J=—p2nRIZE B9
dr

Separating the variables (note that | is constant for r,<r<r,) and integrating:

0.21x10° 4
J‘rl dr f( 2rlP g B4
—_— — —_— p
T2 r 0 ]
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Determination of permeability coefficient for plastic tubing

where for this analysis p is the O, partial pressure in Pa.
2rmlP
J

]0.21><105

[lm']:; == [p]o

l (rl) 2mip (21,000)
n|l—|)=—-———(21,
T J

But J=-Y so

Yln(rl/rz)
~21,000(2ml)

This is the required equation for permeability coefficient.
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Electrochemical model for Anodic Oxidation of Hydrogen in Electrochemical mode

C. Electrochemical model for Anodic Oxidation of
Hydrogen in Electrochemical mode

Model 1

The assumptions made are as follows:

1) the process (anodic oxidation) is diffusion-limited so that the concentration of
hydrogen at the interface is close to zero at the chosen operating potential of the
anode;

i) the solubility of hydrogen in tin accords with Henry’s law;

iii) the system is considered to be in quasi-equilibrium;

iv) the dissolution of hydrogen in tin is governed by a first-order rate equation;

v) the rate of removal of hydrogen from tin by anodic oxidation is negligible
compared with the rate of dissolution;

vi) the diffusion of H, to the electrolyte interface occurs through a diffusion layer of
constant thickness as a result of convection induced by bubbling and thermal

effects.

In the theoretical treatment in this series, hydrogen and water are denoted by single prime
and double prime superscripts respectively, for example ¢ and ¢

Consider the following: hydrogen is bubbled through the liquid tin at partial pressure p,, a
potential, E, is applied to the Sn / YSZ interface and a steady cutrent, 7, is observed. The
partial pressure of H, is then increased to p, and the cutrent, 7, increases with time and
eventually stabilises at 7, (Figure 7.5).

In the model the diffusion layer thickness at quasi-equilibrium is 6.

When H, at partial pressure of p, is bubbled through tin, it dissolves in the tin and
eventually saturates the solution; the saturated concentration of H, is ¢, . The general
unsaturated concentration is written as ¢.

For a sufficient total flow rate of gas, the rate of dissolution of hydrogen in the tin is
proportional to the difference of the saturated concentration and the actual concentration
at any given time. If the amount of H, (in moles) in the tin is expressed as N, we may
write:

dN’ C1
5 =l =) b

where £, is the rate constant for dissolution.
We assume that the dissolved concentration of hydrogen at the electrochemical interface is

negligible when a potential, £ (typically -0.90 V vs. RE, in the E mode of operation) is
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Electrochemical model for Anodic Oxidation of Hydrogen in Electrochemical mode

applied, so the current, 7 is controlled by diffusion through the diffusion layer of thickness
6. The flux, ], is given by Fick’s first law, which is expressed as:

- _pade (C.2)
S = dx

- . . . . . dc’ .
where D is the diffusion coefficient, .4 is the area of the interface and = s the

concentration gradient within the diffusion layer. So the flux is given by:
D'Ac’ €.3)
6

Equating the flux with current via Faraday’s law:

) i (C.4)
S = nF

where 7is the current; # is the number of electrons transferred per hydrogen molecule, i.e. 7

=2

Combining (C.3)and (C.4) leads to:

. nFD'Ac’ (C.5)
o
This will be written as:
i = kyc' (C.0)
where £,is given by:
K = nFD'A
o
Furthermore:
de'_ 1w €
dt V dt
where 7 is the volume of the solution.
Combining (C.1)and (C.7):
'
= ki~ ) s

Rearranging and integrating:
dc’ ki
| o=t

*/ !
c; —¢C |4

The switch from p, to p, occurs at 7. So:
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Electrochemical model for Anodic Oxidation of Hydrogen in Electrochemical mode

fCI - 4 tdt
e A 4

t1

o' —c Kk (C.9)
—In———=—(t—t
C>2|<I _ C>1|<I % ( 1)
From (C.6) and (C.9) it follows that:
=i ky (C.10)
—In =—(t—t
iy—ip, V (t=t)

!

In a steady-state condition ddit = 0 and equation (C.1) shows that ¢’ = ¢*'; using (C.6)

i = kjc" (C.11)

SO il = kéC;l ﬁ.ﬁd i2 = szz

Applying the assumption that Henry’s law is applicable to the system:

¢ =ksp' (C.12)
where k3 is a constant for a given temperature.
Thus:
iy = kyes' = kkips 13
Predictions from Model 1:
1it) Steady current is proportional to hydrogen partial pressure (Equation (7.20)).
1v) Plot of In iiz_ii versus # should show a straight line of slope - % through the
27l

origin (according to Equation (C.10)). Note that % is the time constant for the
1

curve of 7 versus #when a step-change is made in hydrogen partial pressure.

Model 2

Model 1 incorporated the assumption that the rate of removal of hydrogen by anodic
oxidation is negligible compared with its rate of dissolution (assumption v)). This
assumption has been removed from the following analysis (Model 2). A consequence of the
removal of this assumption is that in the steady-state condition, where the current attains a
steady value, the concentration of hydrogen in the molten tin is less that the concentration
at saturation. We retain assumptions i), i), iii), iv) and vi).
So now Equation (C.1) is modified to:

dnN’ [ (C.14)

W=k1(€2 —C)—ﬁ
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.. dN’
When ¢’ = ¢}, i =i, and — = 0; note that cy < ¢y

It follows that:

Kies' =) = =
and
f_o L2
;=0 — g
from (C.0):
i, = kycy
Eliminating 7, between (C.15) and (C.10):
o k2G

Rearranging:
__
€2 = /
Ky
(1 + k{nF)
Write:
-1
k’
w' = <1 + = >
inF
Then
c; =w'cy
By the same reasoning:
g =w'ey’
Eliminating 7 between (C.14) and (C.6):
dN' (T kéC, Iy ’ ké
W = k1 CZ - C,) _F = k1C2 - k1C' <1 + kinF
Using (C.19) and (C.20) leads to:
dN’ c; ¢ k1 ,
a ki(m‘m) = (2= ¢)

Note that (C.1) and (C.22) are of the same form, but with the constant k; replaced by %

and ¢;' by ¢3 in (C.22) where c; is given by (C.20).
So (C.8) becomes:
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(C.20)
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Electrochemical model for Anodic Oxidation of Hydrogen in Electrochemical mode

dc’ 1 (C.23)
= _k/ Cl _ CI
dat  Vw’ (e )
Integrating:
< dc’ ki (*
[y,
o (cg=c) vw' ),
c;—c' k; C.24
EPNCETON I (.24
From (C.0) it follows that:
i — 1 ki C.25
EPRICED N TP (C.25)
(—i) V
(Compare equation (C.10))
Predictions from Model 2:
These are as for Model 1, except that prediction ii) is modified to iia) as follows:
iia) A plot of lng versus 7 should show a straight line of slope - kl, through
ip—11 Vw

the origin (according to equation (C.25)).

!

Vw® . . . . .
Note that 1 the time constant for the curve of 7 versus # when a step-change is made in
1

hydrogen partial pressure.

Additional Mechanistic Theory

A further case is now considered where an inert gas, Ar, is first bubbled through the tin for
sufficient time to reduce the hydrogen concentration to a value close to zero. The potential
of tin is held at constant value E at which residual hydrogen, if present, undergoes anodic
oxidation to water. Then, while holding the potential at this value, gas mixture of Ar/H,
with hydrogen partial pressure p, is bubbled continuously, starting at time # equal to zero

through the tin and the anodic current measured as a function of time.

At =0, ¢=0 and thus /=0 (Equation (C.6) with ¢/=0) Equation (C.14) becomes
dN'’ (C.20)
—| =k
.

As hydrogen is supplied to the tin the concentration of hydrogen begins to increase from

zero and it follows from (C.6) that
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di  dc' (C.27)
dt % dt
and
dc'  1dN' (C.7)
dt V dt
Combining (C.26), (C.27) and (C.7)
di _ kikjes' (C.28)
dtl,.y  V
Also from (C.12)
c;' = k3p; (C.29)

Eliminating ¢,” between (C.28) and (C.29)
di] _ kikskg
dtl,_, v P2

(C.30)

di } di
Equation (C.30) predicts that [—l] should be proportional to p,; a plot of [—l] Vs.

kikyks
,1s expected to reveal a slope of > 2,

It has also been shown above that

i, = kych (C.16)

Cé = W’C;’ (C.ZO)
Combining these equations with (C.29):
iy = koksw'p; (C.31)

Equation (C.31) predicts a straight line though the origin with slope k3ksw’ for a plot of 7,

vs. p,. The ratio of the slopes of the above two plots using Equations (C.30) and (C.31)

i see Equation (C.25)). So it should be possible to compare values
VW’ q p p

provides a value of

of &£, /1w determined by two different methods.

Determination of the apparent solubility of H: in
liquid tin and the parameter w’ using anodic
stripping voltammetry

The development of the theoretical framework in the previous section has generated the

parameter ». This parameter expresses the balance between addition of hydrogen to the tin
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via dissolution and the removal of hydrogen from the tin via anodic oxidation to water.
Theory shown above postulates that » depends upon geometric factors, applied potential
and diffusion layer thickness (and hence degree of convection). Though not fundamental it
is important to determine its value in order to obtain an understanding of experimentally-
generated results. In broader sense this parameter will be important for the design of
systems consisting of two processes: physical dissolution of the gas in the melt and
electrochemical oxidation or reduction of the active gas via the liquid anode.

For the determination of » parameter as well as hydrogen solubility three regimes
of operation of LMA SOFC were proposed. The theory has been worked out for each of
the regimes, which is used together with experimental data for the calculation of » in

different cells and apparent solubility of H, in liquid tin.

Regime 1

Consider the following operation where there are four stages (see Figure C.1). Prior to A,
argon is bubbled through liquid tin for a sufficient time to reduce the concentration of
hydrogen to a value close to zero and the tin electrode is held at an anodic potential E,
typically -0.90 V vs. RE (air electrode); the current at A is close to zero. During the
intervals A - B, B - C and C - D, hydrogen at partial pressure p, is bubbled through the tin.
The interval A - B is sufficiently long to allow the current to reach a steady value 7,. During
the interval B - C, of length t;-t,, the tin electrode is switched to open circuit (OC). Then
during the interval C - D, the potential of the tin electrode is held at anodic potential [,
during which time the current is monitored. The period C - D is sufficiently long to allow

the current to return to the steady current 7,

l
~
I C ¢ = C’3

L r e D
S

° Q' by |

A B 1 p=p, |

I | c'=c / |

I — ! |

iy | P =D, '/ 'y !

| i

H, partial | , , :

pressure zero | p=pr, :

! ! |

p = 0 | |

: ocC !

t2 ts time,t >

Figure C.1 Schematic of Regime 1 conditions applied to the working cell (E mode). Same hydrogen partial
pressute, p’zis applied from A to D. Potential is held at a value E everywhere exceptin B - C.

From the E model steady concentration of hydrogen in the bulk is ¢, at time t,:

c;=w'cy (C.20)
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From B to C (at open circuit) /=0, so the equation that expressed the rate of dissolution of
hydrogen to the tin via and the removal of hydrogen from the tin via anodic oxidation to

water was shown above:

d_N'_ reaxr oy b (C.14)
dt_klcz ¢’) nF

when treated from B - C Equation (C.14)becomes:

dN' C.32
=ki(c;' —c') (€32

dt
From previous model:
dc"  1dN' (C.7)
dt V dt
Using (C.32) and (C.7):
dc" 1., . (C.33)
ar " yhale =)
Integrating (C.33)
~[in(es' — 1 = f (]
2 cs - vV t2
C*’ —c! k! (C34)
—In=% ?=_1(t3_t2)
¢ —c V
This becomes using (C.34) and (C.20):
—In————=—(t; - t
TR ACRL
1 - Cé/ */
C
l : = 1 (tz3 —t,)
" 1-w) Vv 3 72

1- Cé/ ,
cy K

T—wy ~ &P {—71 (t3 — tz)}

¢ k;
1=—5= (1= w)expi—T2(ts — )

: v
G _ g (1—w) ki (ts —t,)
C;r = w')exp v 3 2
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c3 =y l]_ — (1 —wexp {_kvi(t3 _ tz)}] (C.306)

Using Equation (C.20):

k’
c3—Cy =0y [1 — (1 —-wexp {—Vl(t3 - tz)} - W'l

k1 C.37
cs—cp=c(1—w')[1—exp {—Vl(t3 - tZ)}l (37

Note that (t; — t,) may be varied over a wide range.

The region from C-D is now treated. In this region, Equation (C.14)applies, i.e.:

an' _ e w oy b (C.14)
e~ Kl ¢ nF
Furthermore invoking Equation (C.25):
(c;—c) Kk (C.25)
—1 = t—t
CEERITTARS
and replacing ¢’ by ¢35 and t; by t3:
¢ =c! k! C.38
IR L R 2
Where from (C.37) and (C.20):
(C.39)

c, k;
- =—=(1-w) [1 — exp {—Vl(tg - tz)}l

Substituting for ¢ — ¢ from (C.39) into (C.38) and invoking Equation (C.6) which was
derived previously as follows:

i = kyc' (C.6)
Obtain:

i—i ks C.40
In 2 My (C.40)

o (1—w' k; Vw'
%) ( W ) [1 — exp {_Vl (t3 — tz)}]
So

—w' ' 4 C.4
i—i, =1, (1 W,W ) ll —exp {—%(Q — tZ)H exp {—%(t — tg)} (€40

The charge shown by the shaded area in the diagram is given by:
N 1= k1
Q') = Jo (i—iydt=1i, — ll —exp {—7(t3 — tz)}l (C.42)

X ft3 exp{—m(t - t3)}dt
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Q'

l

Consider the following operation where there are four stages (see Figure C.2). During the
interval A — B the anodic potential is held at E, argon is flowed for sufficient time to
reduce the hydrogen concentration in the molten tin and the current to a value close to
zero. At B the tin electrode is then switched to open circuit and the flowing gas to an
argon-hydrogen mixture with hydrogen partial pressure p, for a period #-t,. At C the
flowing gas is returned to 100% argon and the potential of the electrode switched to the
anodic value E. The current is measured as a function of time for a time sufficient for the
current to return to a value close to zero. The charge O, shown as the shaded area in Figure

C.2 is then calculated. Note that no hydrogen is bubbled into the tin during the period

w

X — t—t dt
[ e - o)

3

1 _ A k’
= W,W [1 — exp {—71(t3 — tz)}l

Vw' k1 *
X {— k—lexp {— VW'} (t— t3)lt }
3

QI 1 _ ! kl
8222 o

QI

k; V
i_l =1-w)|l—-exp {—71(t3 - tZ)}l [k_i]

2

Q, V(-w) k; (C.43)
? = T ll — exp {—7(t3 — tz)}l

/ ) has the units of time. Equation (C.43) is the required solution.

Regime 2

when the charge (), is determined.

~

current

H, partial pressure zero
nd potential held at a value E

B C . D
\ / L=13
|
IH, at partial
pressure p';,

H, partial pressure zero
and potential held at a value E

|
|
|
p'=0 | PP =D, p'=0
|
|
|
|

e %

Figure C.2 Schematic of Regime 2 conditions applied to the working cell (£ mode) with constant flow of argon.

tr t3 time,t -
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For the interval B — C Equation (C.32) pertains:

dN' L (C.32)
—=ki(c;' = ¢")

dt
and
dc’ ki , (C.33)
TR
Integrating (C.33):
«! ’ c3 ki t
—[in(c; —¢ )]0 =7 [t];2
% / ' C.44)
CZ —C k1 (
_ln ) 3 27(t3 _tz)
2
Compare with (C.34)
1-¢\ k
_ln< 7 3>=_1(t3_t2)
5 v
fot 1
—=1-exp|-(ts 1)
2
, J k1 (C.45)
cz3=0¢; [1—exp —7(t3 —t3)
Compare (C.45) with (C.37). Note that » does not appear in (C.45).
We now treat region C — D. Equation (C.14)is modified to
(C.406)

an’ _ ., , i
dt - kl(o ¢ ) nr

The zero in (C.40) reflects the fact that the gas composition contains no hydrogen in this

region.
Eliminating 7 between (C.406) and (C.6):
dN’ ., kac
— =kl ——=—-
dt nF

Using Equation (C.7) becomes:
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dc"  kic' (C.47)
a  vw’
Compate it with (C.33)
Integrating (C.47):
dc’ t k]
[ [
o) € t, VW
, kel
ne, = |- 1=
[Inc'], l T
t3
c’ k1 (C.48)
In—=—-——(t—t
n é VWI( 3)
Using (C.6):
i k1 (C.49)
n—=—-——(t—t
n i3 Vw’ ( 3)
Or
o k1 (C.50)
= ——(t—t

The charge, O ,, shown in the diagram is given by

(00 [ee] k’
Q' =ft idt =ft isexp {— V‘:},(t— t3)}dt

3 3
—Vw'is K, Lovwis (C.51)
"= ——(t—t =
0= e | )H 5
3
Writing ¢;' = ¢; /W' equation (C.45) becomes:
.o k1 ] (C.52)
=—=211- ——(ty—t
3= _ exp{ v (t3 2)}_
Applying (C.6), Equation (C.52) becomes:
. ip [ k1 ] (C.53)
=211- ——(ty—t
I3 w | exp{ v (t3 2)}_
Substituting for 7, in (C.51)
Q, VI k1 ] (C.54)
“2=—|1- ——(tz—t

Compare (C.54) with (C.43)

Regime 3
This case is included for completeness. However no experiments are performed to support
theory developed in this section (for Regime 3). Figure C.3 describes the regime which is a

combination of the previous two regimes.
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i

) c'=c'3  C D
w U3 |
g |
e I
S H, partial pressure zero |
= A P B , , 2 P ’p :
© , P =P2 P =P p'=0 |
I
. lc'=c'3 ! '
l2 | N\ :

I
H, partial | :
pressure zero | :

I
p'=0 | |
: ocC !

2] time, t -

Figure C.3 Schematic of Regime 3 conditions applied to the working cell (£ mode) with constant flow of argon.
Potential is held at a value E everywhere except in B-C.

Prior to A argon is bubbled through tin for a sufficient time to reduce the concentration of
hydrogen to a value close to zero and the tin electrode is held at an anodic potential E,
typically -0.90 V, with respect to an air electrode; the current at A is close to zero. During
the intervals A - B, B - C, hydrogen at partial pressure p, is bubbled through the tin. The
interval A - B is sufficiently long to allow the current to reach a steady value 7,. During the
interval B - C, of length t;-t,, the tin electrode is switched to open circuit. At C the flowing
gas is returned to 100% argon and the potential of the electrode switched to the anodic
value E. The current is measured as a function of time for a time sufficient for the current
to return to a value close to zero. The charge Q;shown as the shaded area in Figure C.3 is
then calculated. Note that no hydrogen is bubbled into the tin during the period when the
charge Q) is determined.

Following Regime 1 we have the hydrogen concentration ¢; at C given by (C.36):

Cé = C;’ [1 _ (1 _ W')exp {_1(71(1:3 _ tz)}l (C36)

For the Region C — D Equation (C.51) applies and leads to
Vw'is (C.55)
Q3 = !
k1

The next equation ((C.17)) has been derived previously:

o
clh = ¢t — k2C2
272 nFk,

Using(C.306), (C.6) and (C.20):
iy = % ll —(1—-w')exp {_%(tg - tz)}l (€59)

(Compare it to Equation (C.53))
Note that 7;in (C.51) #7; in (C.55). Substituting for 7; from (C.56) into (C.55):
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0y =2{1 - (1~ wexp {—%(tg - m}]
ki

Q; va-w ki w'V  (C57
0 VoWl f Kl €
2 k1 k1
Comparing (C.57) and (C.43) it is noted that they are identical apart from the additional
term 2% in (C.57).
k1

The important equations in the above sections are those that allow interpretation of the

coulombic charge under the final parts of the regimes, i.e. C — D. These are as follows:

Regime 1 Q', V(1 -w) k1 (C.43)
Lo . 1-expi—7(ts = t2)
Regime 2 Q' 4 k1 (C.54)
% k_ill - exp{—v(t3 — t3)
Regime 3 ! V(1 -w’ k; 'V (C.57
egime &=w[1_exp{—71(t3_t2)}l+w_’ ( )
iz K, K,

Determination of the parameter w’

The development of this theoretical framework has generated the parameter w. This
parameter expresses the balance between addition of hydrogen to the tin via dissolution
and the removal of hydrogen from the tin via anodic oxidation to water.
For a given value of (¢, — £,) and the same p, value (and 7, value) (C.43) and (C.54) show
that:

Q' (C.58)
2,

w =1

The given value of (t; — t,) may be then varied and the » value determined for each case.

The » value would be expected to be independent of (t; — t,).
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