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Abstract

For several decades, nuclear power has been of interest as an energy source. Advantages
include reliability and zero carbon emissions, however there are disadvantages in waste
management and the risk of proliferation. Current research aims to address these by developing

proliferation resistant methods to reprocesses the spent fuel and close the fuel cycle.

Whilst aqueous liquid-extraction reprocessing techniques are in use, these are confined to
specific fuel types and produce significant additional low-level radioactive waste. Separation
of spent fuel in molten salts has been proposed as an alternative to such aqueous methods.
These systems include using liquid metals as electrodes at which selective metal deposition
takes place. There are several technical and materials hurdles to overcome, these include:
characterisation and optimisation of the processes taking place at the liquid electrode/ molten
salt interface; and the development of the necessary on-line analysis techniques for process

monitoring.

This thesis takes a step-by-step approach to: characterise the behaviour of liquid metal
electrodes; explore how molten salts interact with materials to inform the development of
microelectrodes for on-line monitoring, and; develop methods to prepare molten salts for

rigorous study.

First the fundamental response of liquid cathodes is demonstrated through comparative studies
in aqueous systems. By comparing electrochemical studies of mercury cathodes at ambient
temperatures and liquid cathodes in molten salts, characteristic responses for deposition,
alloying and dendritic growth are observed. In ambient conditions, the bounded Cottrell
equation is applied to a liquid cathode for, what is believed to be, the first time to explain alloy
formation in the upper layers of a liquid cathode.

The contact angles of lithium chloride - potassium chloride eutectic (LKE) on materials used
in microelectrode fabrication have been measured. These wettability measurements confirm
silicon nitride and tungsten as suitable materials in design and fabrication of microelectrodes

for online process monitoring.

Ensuring the correct speciation is studied in the molten salt is of significant importance in
developing a pyroprocessing system. Characterisation must be performed in a high purity,
rigorously dry molten salt, and a new method for removing water from lithium chloride-

potassium chloride eutectic melt (LKE) has been developed.
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Common Abbreviations

CV  Cyclic Voltammogram

SCE  Saturated Calomel Electrode
WE  Working Electrode

CE  Counter Electrode

LKE Lithium Chloride: Potassium Chloride Eutectic

Constants

F Faraday (96485 C mol™?)
R Gas Constant (8.3144 J K mol?)

Symbols
E Potential
i Current
A Area
Power
V Voltage
Resistance
Equations
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1 Introduction

Whilst it has been internationally recognised that nuclear energy is a vital low carbon energy
source for the future, having stimulated much interest and investment, it is not without
significant technical challenges. In order for atomic energy to be more widely adopted and
accepted, improvements in proliferation resistance, waste management including reprocessing

and economic and generation efficiencies must be investigated.

1.1 Nuclear Energy

Nuclear energy is the use of nuclear reactors to generate electricity by harnessing the thermal
energy released during fission reactions. This thermal energy is used to heat water or steam,
which then drives conventional turbines. Nuclear energy is experiencing renewed interest as a

carbon-free source of reliable electricity generation.

Fission is the process in which the nucleus of an atom splits into lighter nuclei, releasing energy
and often producing free neutrons and/ or photons in the process. Nuclear fission was first
discovered by Otto Hahn! whilst bombarding uranium atoms with neutrons?. These reactions
formed transuranic elements as the product in an exothermic reaction, releasing large quanta
of energy as both heat and electromagnetic radiation. When reacting with a neutron the nucleus
of the atom would become unstable, and split into lighter nuclei. The sum of the mass of these
product atoms are less than the mass of the original atom, with the loss of mass equating to the
energy released in the process®.



Figure 1.1: A schematic showing a simplified chain reaction that takes place during nuclear
fission.

Fission can occur naturally in spontaneous radioactive decay of isotopes, particularly those
with very high mass numbers, however in nuclear energy the reaction is induced by a neutron.
To maintain these reactions in a nuclear reaction, a chain reaction in which neutrons are also
the product of the fission must take place Figure 1.1. The composition of the products of a
single nuclear reaction are unpredictable, however a limited series of decay paths are followed
such that some elements are prevalent over others. In nuclear reactors self-sustaining reactions

are maintained so that the energy is released at a controlled rate.



1.2 Fuel Cycle

The nuclear fuel cycle encompasses the entire life cycle of fuel used in nuclear reactors and
the processes which fuel undergoes at each stage. Some of the key stages in the fuel cycle are
mapped out in Figure 1.2, showing the order in which they take place. The coloured arrowed
represents that the reprocessing of spent fuel to re-use fissile material is an optional step that
depends on a country’s individual policy. Enhanced reprocessing techniques could lead to

closing the fuel cycle, increasing the energy that is extracted from fissile material.

’ Electricity

Enrichmentand
fuel fabrication

e

Fuel reprocessing

Waste disposal
and storage

Uranium mining
and milling

Figure 1.2: The Nuclear Fuel Cycle.

Each of the key stages of uranium enrichment, fuel fabrication, fuel performance, fuel
processing and waste disposal and storage, along with materials used in the fuel cycle are

discussed in subsequent sections. These sections are intended to provide a general overview,



rather than the specifics for each reactor type, and represent the current industrial processes

rather than those in research facilities.

1.2.1 Uranium Extraction

Uranium is a common metal, roughly 500 times more abundant than gold, and about as
common as tin. It can be found throughout the world in most soils and rocks, many rivers and
in seawater®. Almost a third (28%) of the World’s most accessible uranium deposits are in
Australia, followed by Kazakhstan (16%) and Canada (12%). Large deposits are also found in
South Africa (7%), Namibia (6%), Niger (6%), Brazil (6%), Russia (5%), USA (3%), Ukraine
(2%), Uzbekistan (2%) and Mongolia (2%). Of these countries, half of the world’s supply is
produced in Canada (=28%) and Australia (=23%).

Uranium ores can be mined from either open pit, or underground mines, and can also be
extracted in-situ, being leached directly from the ore. Once mined, the uranium ore is crushed
and chemically treated to separate the uranium metal, resulting in a yellow uranium oxide
powder, UsOs, known as “yellow cake”. Conversion to yellow cake increases the uranium
concentration to greater than 80%, and provides a stable material for shipping to enrichment

facilities.

1.2.2 Uranium Enrichment

Natural uranium ore consists of approximately 99.3% U?%, 0.7% U?%®, and less than 0.01%
UZ4 when it is first mined®. Only the U?* isotope is fissile and the concentration of fissile
material in the fuel has a significant influence on the reactor design and the energy output that

can be expected from the fuel.

Commercial reactors require a higher concentration of U?*® than occurs naturally in uranium
ore®. Once mined, the concentration of U%® is increased to between 3% and 5% by isotropic

enrichment.

Enrichment can be achieved through one, or combinations of several techniques, however
gaseous diffusion and gas centrifuge techniques are the most common. Both of these

techniques require the uranium ore to first be converted to uranium hexafluoride (UFs) gas.



1.2.3 Fuel Fabrication

Aside from the first generation reactors used in the United Kingdom and France that used
uranium metal fuel, almost all reactors use uranium oxide fuels. Uranium oxide (UOy) is a
hard ceramic, which was originally developed for use in Light water Reactors (LWRs) that
has a high melting point, is resistant to radiation and retains fission products.

UO; pellets are clad in zirconium alloy tubes constructed into fuel assemblies, the design of

which is dependent on the reactor type and design.

Technical specifications of fuel pellets, such as density, impurity content/composition,

porosity and grain size can have a significant influence on performance in the reactor.

Reliability of the fuel is essential to maintain generation capacity and UO- has undergone over
40 years of development to achieve high efficiency. In future advanced reactor systems, oxide
fuels may be replaced by carbides, nitrides or particulate fuels (or other exotic fuels). However,

these will need to demonstrate significant benefits to overcome the dominance of UO..
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Figure 1.3: Cross-section of a nuclear fuel rod (left). Fuel rod assembly (right).

As fuel needs to reside, intact, in reactor cores for long times (between 4 and 6 years), in-core
performance is important. This is governed by a number of conditions and phenomena. Fuel
design and operation is regulated to demanding standards to ensure the fuel does not fail. Fuel
rods are designed to contain any gaseous fission products, whilst the fuel stack is prevented
from moving. This is evident in Figure 1.3, which shows an example cross-section of a fuel
rod. A support sleeve, and insulating Al;O; pellet is placed in the bottom of the zircaloy shell,
before the fuel pellets are loaded. A further insulating pellet, and a compression spring to hold
the fuel in place are added to the fuel rod before the cap is sealed onto the top of the rod. The
space around the compression spring acts as a void in which the gaseous products of fission
will are retained. Multiple fuel rods are then fixed together in a fuel rod assembly, which will

be placed into the reactor core and surrounded by the reactor coolant.



Typically fuel rods are made from zirconium alloys and/or ceramics as failure could lead to
the release of fission products, with serious radiological, environmental and safety
implications. Severe distortions in fuel rods would also affect safety, as they may no longer

move in or out of the reactor as required to control the fission reaction.

Fuel rods need to be resistant to the conditions where chemical oxidation occurs of high
pressure (150 atm), high temperature coolant (over 300°C), and high neutron flux

(ca 1x10% n m?2 st in Pressurised Water Reactor).

Large radial temperature gradients put a large tensile stress on pellets in circumferential and
axial directions. As UQ; is brittle, stress fractures occur radially and axially. Whilst fuel pellets

crack, rod failure is rare, at a rate of approximately 1 in 100,000 fuel rods.

In the reactor, fission takes place and the fuel gets hot as energy is released. As the fuel
temperature increases, the fuel expands and cracks, and over time densifies and swells.
Extended periods lead to cladding creeping down, and the fuel contacts the cladding, leading
to mechanical and chemical interactions between the fuel and the cladding. The cladding

oxidises and eventually the fuel temperature changes towards the end of its dwell time.

1.2.4 Fuel Performance

In a nuclear power station, electricity is generated in much the same manner as a conventional
coal, gas or oil fired power station, but the heat is generated by the controlled fission reaction
rather than by burning fossil fuels. Water is heated to produce high-pressure steam, and, in
turn, the steam drives a turbine connected to a generator, which generates electricity. Figure
1.4 shows a simplified diagram of how a nuclear reactor is used to generate steam, driving a
turbine to generate electricity. Despite there being many different types of reactor, they almost
all use UO; fuel, and operate under this principle, mainly varying in the coolant type that is

used to transfer heat from the reactor to the steam generator.
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Figure 1.4: Schematic of how a nuclear power station generates electricity.

Fuel resides in the reactor for between 3 and 6 years before it is replaced and transferred to
cooling ponds. Approximately every 12 to 18 months, 25% to 30% of the fuel in the reactor is
replaced with new fuel in order to maintain a steady reaction rate. This is because after the 3
to 6 year dwell time, the concentration of fissile material in the fuel decreases, and the
concentration of neutron absorbing fission products increase, reducing the efficiency of the

energy production in the fuel rods.

The spent fuel is still intensely hot, and radioactive due to the natural decay of the fission
products and minor actinides, therefore the fuel is initially cooled in storage ponds adjacent to
the reactor for 9 to 12 months after the fuel is removed from the reactor. These storage ponds
are actively cooled, and the water provides adequate radiation shielding, as well as being an
effective coolant. Whilst 50 years of wet storage of fuels has matured the technology, it is
relatively high maintenance and tight control of the water’s chemistry is required to prevent

degradation of the fuel and its cladding.



1.2.5 Nuclear Materials

Materials used in the nuclear fuel cycle have to withstand environments that are unique to the
nuclear industry and perform functions that are unique to the fuel cycle. Materials are classified
according to reactor duty, fuel cycle processes, waste containment and transport of spent fuels.

Reactor materials have to withstand high temperatures, cyclic loading, corrosive
environments, thermal shock, and high neutron and gamma fluxes. Structural materials are
typically steels and alloys that have been specially designed to meet these criteria, such as

feretic and austenitic steels, inconel and zircaloy.

Fuel processing plants, particularly aqueous reprocessing plants have to be constructed with
materials resistant to hot nitric acid. Whilst degradation predominantly arises through chemical
oxidation, gamma radiation also enhances the corrosion. Austenitic steel is widely used,

however 310L (Nitric Acid Grade) was also developed especially for this task.

It is imperative that waste containers in the nuclear industry are corrosion resistant, have
dimensional stability and behave predictably over long time periods (hundreds of years). Any
failure in waste containment materials could have serious radiological, environmental and
safety consequences. Materials used in waste containment vary depending on the type and

classification of waste, which will be discussed in section 1.2.7.

Once fuel has cooled sufficiently at the power station, it is transported to a central facility in
specially designed transport flasks. These flasks are filled with water to provide additional
cooling and radiation shielding. However, radiolysis can lead to the splitting of water into
hydrogen and oxygen. These gasses need to be recombined in the flask in order to prevent an
explosion when unloading the flask. Neutron absorbers are added to the water to prevent a
criticality event occurring in the water-moderated environment as an uncontrolled criticality
event would cause a very high neutron flux, possibly leading to the release of short-lived
fission products. As flasks may be transported over large distances, they must be capable of
withstanding any conceivable accident; therefore they are drop tested, impact tested and fire
tested.

Knowledge of material properties is of fundamental importance to operating a nuclear plant

for any part of the nuclear fuel cycle in a safe and economic manner. High fluxes of neutrons



and gamma-rays affect material properties over their service life, so it is crucial that their

changes are well understood.

1.2.6 Fuel Reprocessing

Spent fuel management strategies vary depending on each country’s political stance, and some
countries plan to dispose of intact fuel assemblies in their original form in underground
repositories. Other countries rely on some form of spent fuel processing to reduce the volume

of waste and/or recycle usable material from spent fuel in an effort to close their fuel cycle.

A closed-loop fuel cycle offers improvements in the energy recovered from fuel, as much of
the spent fuel removed from reactors is still fissile, and capable of releasing much more energy.
In order to close the fuel cycle, the nuclear industry needs to re-process the spent fuel, to
recover uranium and plutonium from the spent fuel, and convert them to solid products, which
can be reconverted back into useable fuel. This involves the recovery and purification of
uranium and plutonium from fission product wastes. Further discussion on the development
of an alternative reprocessing technology will be discussed in section 1.5, but first an overview

of the process currently used will be presented.

Reprocessing has taken place since the 1950s, and in the United Kingdom the main
reprocessing plants are the original Magnox plant (opened in 1964 to process magnox reactor
waste, which cannot be wet stored as it undergoes corrosion in water), and the Thermal Oxide
Reprocessing Plant (THORP). Industrially the process of separation is achieved by ambient
temperature solvent extraction. The most commonly used solvent extraction process is the
Plutonium Uranium Extraction (PUREX) process, which is used internationally following its

invention in 1947.

10
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Figure 1.5: Typical constituents of spent fuel*

As can be seen in Figure 1.5, spent fuel predominantly consists of the original uranium
feedstock. The U-235, and Pu-239 in the spent fuel is fissile, so processing is carried out to
conserve resources by recycling these fissile materials. This allows otherwise inaccessible
fissile material to be reused so that less ore is required, which is often part of government
policy, despite the cost of reprocessing being higher than the cost of uranium ore. In some
countries there is a perception that reprocessing increases the likelihood that radioactive
materials could be re-directed for use in weapons programmes. Reprocessing is a means of
optimising the management of waste, and reduces the volume of highly active waste which
would otherwise be placed in a repository, thus reducing the space requirements for a

repository, allowing a longer operating life of any single repository.

Reprocessing also allows minor actinides (Np, Am and Cm) to be separated from the spent
fuel and there is the possibility that these could be destroyed in a reactor, in a process known

as “actinide burning”.

Spent fuel also consists of zirconium, iron and aluminium from the fuel cladding, and iron,

nickel and chromium as corrosion products.

The PUREX reprocessing method is industrially established in many countries, and is a

complex process for transforming spent fuel into solid oxides suitable for manufacturing into

11



new fuel. The choice of solvent extraction process is at the heart of reprocessing and dictates

the upstream and downstream processes at the tail end of the fuel cycle.

The reprocessing process starts with the fuel assemblies being mechanically sheared from the
spent fuel, and then the spent fuel is cut into small fragments which are dissolved in nitric acid.
The larger insoluble components from the cladding and assemblies are separated out in a sieve
before the finer particles are separated out in a centrifuge. The nitric acid is the aqueous phase
for the solvent extraction process and 20-30% tributyl phosphate (TBP) in kerosene is the
solvent phase. The PUREX process does not require any further metal salting agents, and high
purity separations of U and Pu from the fission products and minor actinides are achievable in

3 solvent extraction cycles.

30% TBP,
70% Kerosene

Phases
allowed to

I settle
r Nitrates of U and Pu

Phases
seperated
TBP, Kerosene, Nitrates of U
and Pu

Figure 1.6: Schematic of the solvent extraction stage in the PUREX process, Pu and U are
subsequently worked up to their oxide and either stored or returned to the fuel cycle.

12



Figure 1.6 is a sketch of how when the aqueous and solvent phases are mixed, the nitrates of
uranium and plutonium are solubilised preferentially in the solvent phase, whilst the nitrates

of the minor actinides (MAs) and fission products (FPs) remain in the aqueous phase.

In the industrial process the PUREX process uses both mixer-settler batteries (where phases
are mixed and allowed to separate) and pulsed column (where phases are moved up and down

through columns of perforated plates to enhance mixing and settling) methods of extraction.

Once the phases are separated, chemical conditioning is used to separately extract plutonium
and uranium from the solvent, before they are converted to stable oxide powders and stored

for eventual re-use.

Reprocessing waste experiences difficulties in radiation, radioactivity, solvent degradation and
the possibility of criticality events. To avoid these issues remote handling, careful control of
the stages and heavy shielding is required. Multistage processes are required to attain the high
decontamination factors (10° to 10%), and different streams of subsequent waste treatment are
required to dispose of reprocessing waste. Furthermore the liquid nature of the phases

represents chemical hazards which would be avoided by keeping the waste in a solid form.

1.2.7 Nuclear Waste: Classification, Storage and Disposal

All nuclear facilities generate wastes of varying degrees of radioactivity. These wastes are
classified into three categories according to their radioactivity; high level waste (HLW),
intermediate level waste (ILW); and low level waste (LLW). Generally, HLW tend to be in

relatively low volumes, whilst there tend to be much larger volumes of LLW.

When compared to other industries, the volume of waste generated from the nuclear fuel cycle
and associated activities are small, and despite the hazards, the overall risks are manageable.

Current practise is to store the waste in engineered facilities designed to mitigate these risks.

The primary goal of these facilities is to ensure that the radioactive material is immobile and
contained to minimise the potential for dispersal. Waste should therefore be kept in a form
which is physically and chemically stable, and resistant to significant degradation over the

storage period.

In many cases the raw waste will require conditioning to place it in a passively safe form,

immobilising the radioactive material. Typical waste forms are gases, liquids, slurries, sludges,
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wet solids, powders, particulate material and bulk materials including radioactive materials
such as spent fuel. Conditioning processes are usually either encapsulation in cement, or

vitrification for liquids and solids.

Waste also presents a technological challenge in storage as long-term exposure of materials
(chemical and radiological) in a store or repository could result in alterations in the materials
during their service life. Radioactive waste inventory could lead to elevated temperatures,
pressures and high levels of radiation. This could give rise to various forms of degradation or
corrosion including oxidation resulting in loss of structural integrity through uniform,

localised, galvanic, inter-granular, or stress corrosion cracking due to an agueous environment.

1.2.7.1 High Level Waste

High level waste provides the greatest thermal and radiological challenges in waste
management and storage as it predominantly consists of fission product oxides, and wastes
from fuel reprocessing. Highly active liquor from historic reprocessing is one of the greatest
sources of HLW, and the liquor has to be stored in double-walled tanks, with active heat

removal until sufficiently cool to process.

Treatment of HLW involves the waste feed being calcined, where it is heated in air to bring
about thermal decomposition and remove volatiles, followed by vitrification in a glass matrix.
This glass is cast into stainless steel containers, which are presently stored in air-cooled
facilities. The vitrified waste constitutes a more passive form of waste than the original liquor,
however the vitrified waste still requires cooling for a further 50 years prior to transfer to a

final repository.

The final repository for this waste in the United Kingdom is subject to political and governance
decisions, however it is hoped that these will be placed in a deep geological repository, similar

to the Onkalo facility which is under construction in Olkiluoto, Finland.

1.2.7.2 Intermediate Level Waste

Intermediate level waste is the most varied waste form, with gas evolution and de-watering

issues which are not especially associated with other waste classes. ILW is mainly the remains
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of fuel cladding that has been stripped or leached from spent fuel; and materials that have been

contaminated with plutonium, such as filters, residues and ion-exchange resins.

ILW comes primarily from processing operations, liquid effluent clean-up, plant and
equipment too radioactive to be classed as low level waste, and from development activities
in research labs. Large levels of ILW are expected to arise from the decommissioning of

nuclear facilities as they are closed.

During the 1950s, 1960s and 1970s, ILW was stored in raw, bulk forms to avoid the
foreclosure of options for conditioning and disposal of materials. During the 1980s and 1990s,
it was agreed that waste should be immobilised and encapsulated. Design and construction of
waste treatment and product storage facilities were implemented, and the treatment of all ILW

from commercial operations began.

The majority of the ILW is super-compacted into 500 litre stainless steel drums and is
encapsulated directly into a solid matrix, typically cement, although polymer resins are also
used for some ion-exchange materials. Not all ILW is encapsulated, with some steel and

graphite from the Advanced Gas-cooled Reactors (AGRS) untreated.

In the United Kingdom there is no final repository for intermediate level waste, and it is
presently stored in temporary facilities. The long term disposal concept is for the existing steel
and concrete boxes to be stored in an underground vault for geological isolation by backfilling

the vault.

1.2.7.3 Low Level Waste

Low level waste by far occupies the greatest volume of waste to be treated and disposed of.
LLW is made up of discarded equipment, tools, clothing, waste paper from controlled areas,
and any other waste arising from controlled areas which could be exposed to contamination.
It predominantly consists of miscellaneous structural and packaging materials such as steel,
wood, PVC, polythene and fabrics.
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Figure 1.7: Schematic of low level waste repository.

Waste is compacted into an 1SO (14000 series) waste container, which is back filled with
cement and deposited in a concrete lined trench. In the United Kingdom, the LLW repository
is in Drigg, to the south of the Sellafield site in Cumbria, and waste is buried as shown in

Figure 1.7.

1.2.7.4 Waste Legacy and Future Prospects

In the United Kingdom, Waste management is complicated by the historic waste legacy, with
many different forms of waste having been generated by decades of research activities. There
are numerous waste treatment and storage plants, and regardless of whether or not new nuclear

reactors are built in the United Kingdom, waste storage and disposal will always be required.

In recent years considerable progress has been made towards the goal of conditioning legacy
waste for disposal, however there remains great societal concerns over security and
proliferation of spent fuel waste arising from the chequered history of the nuclear weapons

program.

16



1.3 Molten Salts

Molten salts have proven to be suitable media for the extraction and processing of metals, as
well as in related materials technologies”*2. Molten salts provide a liquid medium with a wide
potential window under anhydrous conditions, which allows the preparation and study of
highly reactive species that would not otherwise be accessible under aqueous conditions where

oxides form spontaneously.

Molten salts are inorganic salts that are heated above their melting point to form an electrically
conducting liquid. The ionic nature of the liquid allows the molten salt to act as a solvent which
can stabilise any dissolved metal ion species. These inorganic salts can either be used in
isolation, or in a combination to form a lower melting point composition. Salts mixed in a ratio
which produce the lowest melting point is known as the eutectic molten salts. The most
common molten salts are alkali chloride such as lithium chloride, potassium chloride and
sodium chloride®?, or ternary mixtures of alkali halides®. Fluoride salts are also widely used,
however are less common than chloride salts owing to higher melting points and being highly

corrosive 14,

Whilst molten salts have been of interest in electrochemistry for several decades, the
measurement of fundamental physical properties is complicated by the requirement for high
temperatures and rigorous exclusion of impurities. These fundamental measurements are
essential for understanding the kinetics of chemical reactions in molten salts, and reliability of
measurements are increasing with improving technology. Some physical properties such as
melting points, densities™ and viscosities'® have been routinely measured, however

simulations®” are still used to overcome the practical complexities.

In this thesis a new method for electrochemically removing hydroxide and oxide contaminants
has been developed, so that salts can be rigorously purified in an inert atmosphere, and can be

recovered should contamination take place whilst in use.

Whilst the redox chemistry of rare earth metals (lanthanides and actinides) have been studied
in molten salts as analogues for radioactive elements®®, separation and purification of these in

molten salts is important for recovery from their ores. Electroplating of rare earth metals from
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their most stable oxidation to metal has been widely studied using solid macro electrodes such

as tungsten, graphite and glassy carbon, which are chemically stable to molten salt'*%,

Since molten salts can be highly corrosive, and are operated at high temperatures, it is
important that compatible materials are used. In this work the wetting of molten salts on
selected metal and non-metal surface is investigated to aid the selection of compatible

materials and inform future designs of molten salt processing systems.

1.4 Liquid electrodes

The use of liquid metal electrodes is not a new concept. Mercury, with a liquid range from
-39°C to 375°C has long been used as an electrode material for electrochemical experiments.
Indeed, at ambient temperatures the use of mercury as a liquid metal electrode in the form of
a Dropping Mercury Electrode (DME), or a Static Drop Mercury Electrode (SDME) is
considered its own field, known as polarography?* 2. Polarography has become a generic term
for voltammetry at a DME, however the original form, DC polarography, is of great historical
importance in electroanalytical chemistry, and became the foundation for most of the

electroanalytical methods used to date.

The classical DME had an advantage in that the surface of the electrode would be continually
refreshed as the drop grew in size, before falling, and a new drop formed. The dropping action
of the droplet also provided a stirring effect in the solution, and so each new droplet was
formed in a (locally) fresh solution. There were two principal disadvantages to the DME in
that the growing droplet resulted in an ever-increasing electrode area, and the timescale of the
experiment was limited by the lifetime of the droplet, constrained to the range of 0.5 and 10
seconds.

To overcome this Princeton Applied Research Corporation developed the Static Mercury Drop
Electrode (SMDE)?: 2" The SDME is an automated device which controls the flow of mercury
and fixes the droplet size in terms of mercury volume until mechanically knocked off at an
electronic trigger signal. The SMDE can be operated as either a hanging mercury drop

electrode, or as a replacement for the DME with a fixed electrode area during measurement.

Mercury also has other characteristics which are of benefit in electrochemical studies. Many

metallic ions can be reduced to their metallic state at the surface of mercury metal and readily
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form an amalgam with the liquid?®. This amalgamation of metal into the mercury ensures
efficient capture of the metal and ensures the surface of the liquid mercury maintains a stable

interface.

The amalgamation of metals is predominantly useful in detecting the presence of metallic
species which may not be reduced at a solid electrode. Whilst limited studies have investigated
bulk deposition, this attribute could also beneficial in the recovery metals through sustained
deposition/ amalgamation with the liquid mercury. The deposition of metals such as nickel,
copper, lead, cadmium and zinc have all been extensively studied?*-! and bulk deposition may
be feasible. These target elements can then be recovered by distillation from the high vapour

pressure liquid mercury®2,

A similar process has been proposed as the recovery mechanism for TRUs at a liquid cadmium
cathode in molten salts reprocessing of spent fuel.

1.5 Reprocessing in Molten Salts

In Section 1.2.6 the present method of spent fuel reprocessing through the PUREX solvent
extraction technique has been discussed. This process has its disadvantages, and in the UK the
THORRP facility is set to close in 2018%. The PUREX process is considered responsible for
producing copious volumes of liquid waste, resulting in radioactive contamination of ground
water at the Hanford site in the United States. There have also been a number of high-profile

safety issues at other sites.

As the PUREX process also allows uranium and plutonium to be extracted from spent fuel
separately, there is a risk of proliferation of nuclear materials, which could be used in atomic
weapons. As a part of the Nuclear Non-proliferation Treaty, the separation and storage of
materials that could be used for a weapons programme is to be avoided, adding pressure to

cease operations where plutonium inventories are increased.

Molten salt reactors are just one of six key concepts under investigation as a part of the 4th
generation of reactors® *°. As well as reactor technologies, molten salt systems are also
considered to be an alternative to the PUREX derived extraction techniques for a number of

years for the separation and reprocessing of spent fuel’.
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The advantages of a molten salt processing system combines the ability to recover and recycle
uranium from the spent fuel, whilst minimising the high level waste generated compared to
the PUREX type processes®®. The disadvantage of this method is the large quantity of energy
required to heat the molten salt and drive the electrorefining processes. The mixed plutonium/
transuranic element (TRUs) “waste” of the molten salt reprocessing could also be considered
as a fuel for fast reactors® that are popular across Asia®” but not widely adopted in Europe or
North America. It is debatable as to whether the accumulation of Pu in the “waste” rather than
the fuel (as in PUREX) is an advantage or a disadvantage, however concurrent recovery with

other elements is considered a proliferation resistant pathway.

Chloride and fluoride molten salts can ligate and hence stabilise a wide variety of reactive
metal species found in spent nuclear fuel. This makes them an ideal medium for electrorefining
spent fuel to separate specific value metals such as uranium from plutonium and other minor

actinides from the spent fuel.

A previous example of this electrorefining of spent fuel is the ANL process, which was
developed alongside the Integral Fast Reactor (IFR) program to include a molten salt fuel
recycling process®-4. In this process, a vat filled with a mixed lithium chloride/ potassium
chloride eutectic salt is heated to 500°C and mechanically chopped up spent fuel is allowed to
dissolve through electrochemical action in an anode basket. Once the spent fuel is completely
dissolved in the molten salt, by applying a potential to the cathode it is possible to deposit
metals selectively on the cathode. It is possible to deposit bulk uranium on an iron cathode,
which can be recycled to make new reactor fuel. Selective deposition of other metals such as
plutonium codeposited with the remaining uranium (for proliferation resistance) and minor
actinides such as neptunium, americium and curium is achieved using a liquid cadmium pool
electrode. As cadmium has a low vapour pressure it is then be possible to distil off the

cadmium and collect the metals it contains.

Another example of pyrochemical reprocessing is the Research Institute of Atomic Reactors
(RIAR) process* developed in Russia, using a similar method in a molten salt of 1:2
NaCl:CsCl. Both processes are examples of nuclear proliferation resistant technology as in

both cases, Pu is separated with TRUs as a mixed waste rather than weapons grade plutonium.

In each of these examples, uranium as the bulk material in the spent fuel, is deposited at a solid
electrode and recovered from the melt. Uranium can be recovered through electrodeposition
at a solid cathode with minimal contamination from other spent fuel components. Uranium is

more noble than any of the other actinides and applying more positive reduction potential than
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the other TRUs will result in the deposition of a high purity deposit. The TRUs are then
recovered at a liquid cadmium cathode which favour deposition at the liquid cathode as

alloying with the liquid metal stabilises the reduced product®® 4042,

Over periods of operation of these systems without the use of a liquid cathode, fission products
(FP) and transuranic elements (TRU) will build up in the melts. This will result in a build-up
of heat from the radioactivity of these elements*, and therefore either they must be removed
from the melt, or the melt must be removed from the system to prevent overheating®. It is
important to note however that the build-up of FP in the melt will be significantly lower than
retention of FP by the solvent process, and methods are under investigation to treat the salt

and remove FP and TRU from the melt**.

Initial studies of deposition at a cadmium cathode have demonstrated that deposition of
uranium at the surface of liquid cathodes forms a solid product, which forms a dendritic
structure, subverting the recovery process*:“6. This nucleation of uranium initiates a dendritic
growth process where the reduction process is concentrated onto the solid deposition and

dominates the recovery process*.

The occurrence of dendritic growth at these electrodes presents a technological barrier to the
use of such systems. The dendritic growth not only prevents the recovery of TRUs in the liquid
cathode, but also prevents a risk of shorting the electrochemical circuit. In order for dendritic
growth to be avoided, a fundamental understanding of the deposition process needs to be

investigated, and tools for monitoring the formation of dendrites developed.

Pyrochemical reprocessing methods directly yield metals as the product, and are well suited
to advanced fuels. In the case of metallic alloy fuels, the PUREX process is very cumbersome
and costly, due to the number of steps required based on differing fuel types. In the
pyrochemical method, the principal steps remain unchanged and conditions can be adjusted so
that U and Pu can be recovered together or separately as well as the TRU4O0. It is interesting
to note that whilst studies on such systems have been undertaken since the 1960s*, Russia is
the only country to have employed them on an industrial scale, although the U.S.A. has also

conducted some tentative operations*.

For practical and economic viability of pyrochemical reprocessing, it is important to recover
effectively all of the transuranic elements of Pu, Np, Am and Cm from the spent fuel. This is
essential for a reactor type such as the AFR concept where the TRU are fabricated into fuel

for power generation®-°2,
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As discussed above, it is possible to deposit essentially pure U on a solid steel cathode in a
molten salt refiner. The remaining TRUs can also be simultaneously deposited at a liquid

cadmium cathode, where the deposition is stabilised by alloying with the cadmium?® 40,

@ ©
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Figure 1.8: Schematic of electrode arrangement in a molten salt reprocessing system.

The recovery of TRUs from a molten salt at a liquid cathode is achieved by arranging the
electrodes such that the anode basket where the fuel is dissolved into the salt, is furthest from
the liquid cadmium cathode, and the solid steel cathode is somewhere between the two (Figure
1.8). The liquid cathode can be tuned to favour deposition of the TRU over U, thus combining
the materials that have applications as atomic weapons and providing a proliferation resistant

route to closing the fuel cycle.

It is then possible to apply a potential to the cadmium liquid cathode that will result in
deposition of the transuranic elements. As deposition of TRUs at the cadmium occurs at a
more positive potential than at a solid cathode, the deposition of transuranic elements is
favoured over the deposition of any residual U*. This is due to the high activity coefficient of
uranium in cadmium, compared to the very low relative activity coefficients of the TRUs** %3,

The overall process of dissolution of spent fuel/ deposition at selected electrodes may be
limited by the diffusion of the spent fuel in either the molten salt or the liquid metal. During
the process the overall rate of separation is limited by the diffusion of TRUs into the liquid
metal, limiting the efficiency of the system®. Measurements on the evolution of liquid

electrode deposition has so far been limited, with few studies being conducted outside of the
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former USSR, however research in this area is now gaining some wider focus. Despite research
having previously been conducted in the USSR, the nature of the way this has been reported,
usually only in Russian language papers, presents problems of access and verification of

results.

The primary requirement for the metal used for the liquid cathode is that it is liquid state range
matches up to the temperature range of the molten salt operation, i.e. its melting point is below
the operating temperature, and its boiling point well above the boiling point. The metal must
also not have densities similar to that of the molten salt, as this would prevent to the formation
of a stable free-standing interface where the two liquid have a distinct boundary®. It so
happens that out of the metals that are molten at the LiCI/KCI eutectic operating temperature
(about 500°C), bismuth and cadmium are suitable as cathode materials, with cadmium having
been chosen for use in the IFR system.

Due to the complexities of molten salt systems — high temperatures, dry inert atmospheres
required, aggressive and hazardous nature of the melt — the behaviour of liquid metal cathodes
in a molten salt is not well understood, and little fundamental research on their exact behaviour
has been carried out. Whilst a liquid metal electrode has been in use in electroanalytical
chemistry for many decades, the mercury electrode/ dropping electrode, there are no apparent

reports on the behaviour of other metals as liquid electrodes.

It is known that in a melt the deposition process of mixtures of plutonium and uranium at a
cadmium liquid cathode has a tendency to be subverted by deposited U forming dendritic
structures from the liquid surface®. These dendrites result from a nucleation process where
the liquid electrode begins to behave as a solid electrode as the diffusion of the U into the
liquid is much slower than the diffusion towards the electrode. The behaviour of the cathode
as a solid electrode results in further growth of the solid deposit and interrupts the desired
deposition process. Whilst a solution to overcome dendritic growth in an industrial process is
desired, and under development, an understanding of how these processes occur and how they
can be observed are also of interest. Indeed, initial work of this nature has been carried out in
a previous studentship within this research group, and studies on ambient temperature mercury

were performed®.
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1.6 Aims of this Work

The focus of this work is to address three key issues to overcome in the development of

reprocessing spent fuel in a molten salt refiner. These questions are:

e How can dendritic growth at liquid cathodes be detected?
e How are molten salts best prepared to prevent an oxidising or reducing environment
and record accurate, reliable electrochemical measurements?

e How do semi-conductor materials interact with molten salt?

First, deposition at liquid metal electrodes are studied in ambient conditions to determine

characteristic responses associated with dendritic growth.

Secondly, new methods to measure preclude an oxidising or reducing environment, and thus
the chemical formation of oxides in molten salts, are presented. These methods permit
electrochemical investigations in molten salt systems without the use of chemical drying
agents, which may also react with a liquid metal present in the salt for liquid cathode
experiments. These methods are an important progression in understanding liquid cathode
behaviour and enable the characterisation of the process that take place during deposition in

rigorously controlled and dry molten salt.

Thirdly, the wetting behaviour of molten salt on typical semi-conductor materials is
investigated. This involves developing a method to image droplets of molten salt on sample
surface in an inert atmosphere and subsequently measuring the LKE-surface contact angle for

a set of specific materials of interest.

Finally, having characterised diagnostic electrochemical responses of deposition at a liquid
cathode in aqueous experiments, and established suitable methods to prepare the molten salt,
dendritic growth at a liquid bismuth cathode in LKE is investigated. Comparisons are drawn
to the observations in aqueous conditions, and a diagnostic response of dendritic growth at a

liquid cathode is confirmed.
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2 Theory

This chapter will outline the theory behind the techniques and analysis methods used in this
thesis. Techniques that will be discussed include the electrochemical measurement techniques
of cyclic voltammetry, chronoamperometry and electrochemical impedance spectroscopy,
along with goniometry for the measurement of contact angles. Electrochemistry has been
covered in great depth and breadth in literature® 2 and therefore this chapter will only discuss

the essential aspects of these techniques with respect to the work in this thesis.

2.1 Electrochemistry

Electrochemistry is the field of chemistry dedicated to the study of reaction kinetics and
thermodynamics at an electrode surface. Electrochemical reactions are studied by driving and
monitoring the movement of electrons across an electron conductor, an “electrode”, at an
interface between two phases. At this interface chemical redox processes occur (the working
electrode), between the electrode and an ion conducting phase, the “clectrolyte”. Electrodes
can either be solid or liquid and either electronically conducting or semi-conducting. Whilst
electrolytes are commonly liquid solutions, they can also be molten salts or ionically
conducting solids®. Electrochemical reactions are known as redox reactions, with either a
decrease in the oxidation state of a species through the addition of electrons (reduction) or the

increase in the oxidation state of a species through the loss of electrons (oxidation).

2.1.1 The Three-Electrode System

Electrode reactions take place between two electrodes arranged in an “electrochemical cell”.
However, it is typical to concentrate on the reactions occurring at a single electrode by
employing a three-electrode system (Figure 2.1). In this configuration an applied voltage
(potential difference) is applied between the working electrode and a reference electrode that
has a fixed potential. The constant potential provided by the reference electrode results in the
control of the working electrode potential, which is the potential, E, of the working electrode
with respect to the reference electrode. This potential controls the Fermi level energy of the

working electrode and hence the electrode reactivity® 2. The rate of reaction is proportional to
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the current which passes between the working electrode, and a third electrode known as the
counter electrode. This current is measured to determine the rate, but it is also possible to drive
a current between the working and counter electrodes and measure the potential of the reaction
with respect to the reference electrode. Experiments where the potential at the working
electrode is controlled are said to be under potentiostatic control, and experiments where the

current is controlled are said to be under galvanostatic control.

o

Figure 2.1: Schematic of a three electrode cell, where 1 is the working electrode, 2 is the counter
electrode, and 3 is the reference electrode.

In order for electrical neutrality to be maintained at the boundary between the electrode and
electrolyte, any charge on the electrode must be balanced by ions of equal and opposite charge
forming a layer of charge at the electrode interface. This electrostatic distribution of ions and

electrons at the electrode/ electrolyte interface behaves like the two oppositely charged faces
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of a capacitor. This structure is known as a double layer®. The capacitance of the double layer

is a measure of the amount of charge stored for a given potential difference.

Charge transfer between the electrode and the solution alters the concentration of ionic species
adjacent to the electrode, thus altering the electric field distribution near the electrode. In turn,
this affects the migratory flux of ions towards the electrode, and hence the rate of diffusion of
ions (mass transport) to and from the electrode surface. The relationships between ion
migration, diffusional mass transport, and charge transfer at the interface during

electrochemical reactions can be complex and therefore difficult to control or interpret.

In order to overcome the problems associated with migration and diffusion, experiments are
typically carried out in conditions where migration can be neglected. The production of a high
concentration of a background electrolyte composed of electrochemically inert ions overcomes
the perturbations from migratory effects by maintaining electrical neutrality at the boundary.
In solution the background electrolyte is usually present in a concentration typically
50-100 mM. This reduces the double layer thickness to the molecular scale, comparable to the
electron transfer distance across the interface. The lack of a potential gradient outside the

double layer also nullifies the effects of migration from the bulk solution.

A reference electrode is an electrode with a well-defined reduction potential. Convention is
for the thermodynamic scale of oxidation-reduction potentials to be measured against the
standard electrode potential, E?, of hydrogen, which is defined as zero at all temperatures®.
Owing to practical limitations of routinely using a standard hydrogen electrode (SHE), which
requires H» gas to be bubbled through an acidic solution at a platinized platinum electrode,
other reference electrodes based on the redox reaction between a solid electrode and ions in
solution are used. Examples include silver| silver chloride, copper| copper sulphate, and the
saturated calomel electrode (SCE).

The saturated calomel reference electrode (SCE) has the redox reaction:
Hg:Cly ) + 26- = 2HQ ) + 2CI" (1)

Equation 2.1
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The Fermi level of the underlying Pt electrode is fixed by ensuring that large amounts of the
three species, solid Hg.Cly, liquid Hg and CI- (by using a saturated KCI solution) are present
in the reference electrode chamber. This potential is governed by the Nernst equation:

E=E + —_In ||

nF Ored

Equation 2.2

Where E is the applied potential, £°’ is the formal potential of the reaction, R is the gas constant
(8.314 J Kt mol?Y), T is the absolute temperature (in Kelvin), F is the Faraday constant
(96485 C mol™?) and « is the activity of the oxidised (ox) or reduced species (red) in the bulk
solution. Typically the activity, « is substituted for the concentration, ¢, of the oxidised or
reduced species in the bulk solution. The formal potential of the reaction is related to the
standard electrode potential, E?, when the ratio of the concentrations of oxidised and reduced
species are equal, taking into account the activity coefficients of these species. The larger the
concentrations of the species, the less E will change, and hence the stability of the reference

potential.

In molten salt experiments at elevated temperatures it is not possible to use an aqueous
reference electrode. In this thesis, a silver/ silver chloride reference electrode® was used for
molten salt experiments. These electrodes were fabricated in a similar manner to those
previously used in molten salts® ® with a silver wire being sealed in a commercial alumina tube

filled with lithium chloride- potassium chloride eutectic (LKE) containing 1 wt.% AgCI.

The counter electrode provides a sink for the current passed by the working electrode in the
three electrode system. In order to ensure that the current passed is not limited by the counter
electrode, the counter electrode has a much larger area than that of the working electrode (since
current is proportional to area). Counter electrodes are usually noble metals and are placed
well away from the working electrode to ensure that products at the counter electrode do not

interfere with reactions at the working electrode. In this thesis platinum gauze was used as the
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counter electrode in all aqueous experiments, and either a tungsten rod or tungsten gauze was

used as the counter electrode in molten salt experiments.

All electrochemical systems exhibit a resistance, Rs, arising from the electrolyte concentration

that determines the field distribution and the migration of ions in the electrochemical cell.

2.1.2 Microelectrodes

Microelectrodes, electrodes with at least one dimension on the micrometre scale, exhibit lower
currents, higher current densities, lower capacitance, increased signal-to-noise and enhanced
diffusion of electroactive species to the electrode surface over standard macroelectrodes.
These attributes result in a characteristic response in comparison to standard size electrodes.
These advantages over standard electrodes in measuring fundamental properties of reactions

make microelectrodes highly desirable analytical tools.

On a macro electrode current is proportional to area. On a microelectrode, which has a
significantly reduced area, the current density increases in magnitude compared to the current
densities observed on larger electrodes. Indeed, in the case of micro-disc electrodes, where the
electrode is a disc, the current is directly proportional to the radius of the disc’. On a
macroelectrode the current would be proportional to the area?, i.e. mr? in the case of a disc.
Accordingly this demonstrates that greater current per unit area is passed on microelectrodes

than on a macroelectrode, ergo higher current densities are observed.

The diffusion rate to microelectrodes is also vastly improved over that of a macro electrode.
In section 2.1.1 the migration of ions was discussed and the concept of adding background
electrolyte to the solution in order to facilitate charge transfer was introduced. One of the
factors affecting the rate of an electrochemical reaction is the diffusion of the active species of
interest to the electrode. The motion of redox active species from the bulk solution to the
electrode surface is known as mass transport, and is due to a combination of diffusion,

migration and/or convection through the electrolyte’.

Once an electroactive species at the surface of an electrode has reacted, a concentration
gradient develops from the electrode surface into the bulk solution. In order for a reaction to
continue, the reaction product must diffuse away from the electrode surface, and fresh reagents
must diffuse towards the electrode. Transport of these molecules can be improved by

introducing an external source of convection in the solution, such as stirring, although this is
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not essential as transport of these molecules is always present through natural convection
mechanisms. At microelectrodes this external convection source is unnecessary as mass

transport rates to microelectrode are significantly faster.

Figure 2.2: Comparison of diffusion at a) a macroelectrode and b) a microelectrode. The coloured
areas represent the electrode area, the lines around the electrode represent the diffusion layers
and the arrows indicate the diffusion path of ions towards the electrodes.

When the reagents at the surface of an electrode are consumed by reaction, a diffusion layer
develops and as more species near the electrode react, this diffusion layer becomes thicker.
Indeed, the thickness of a diffusion layer is proportional to the square root of time* 8 °, On

t1/2

macroelectrodes, where the diffusion layer thickness grows with t*<, where t is the time,

current decays by t*/2

and tends towards zero. As the diffusion layer becomes thicker, the
diffusion layer grows linearly (Figure 2.2a) from the electrode. As there is always some natural
convection, in practice the current will not reach zero. At a microelectrode, the diffusion layer
thickness very quickly develops to be on an equivalent scale to the dimensions of the
microelectrode, and then continues to grow hemispherically around the electrode (Figure
2.2b). As the diffusion field is then larger that the electrode, the diffusion (and hence mass
transport) to the electrode is far more efficient than the linear diffusion to a macroelectrode.
This steady state diffusion is evidenced by a time independent current response in the cyclic
voltammogram. Figure 2.2 shows the shapes of the diffusion layers of a macroelectrode and a

microelectrode.

The time independent response of a microelectrode allows the mass transport contribution of
a redox reaction to be separated from the electron transfer component and allows redox

reactions to be far more readily analysed.

When the surface of an electrode becomes charged, ions of opposing charge align themselves
across the surface of the electrode. The storage of electrical charge in such a fashion is
described as capacitance. Once an electrode surface develops the double layer, it is charged

like a capacitor and the potential difference between the electrode and the bulk solution drops
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rapidly at the electrode surface. With the double layer charged, the applied potential can drive
the electron transfer (faradic) process at the electrode surface. Over time the double layer

charging current dies away with a time constant 1
T= RscD L

Equation 2.3

where Rs is the solution resistance and Cp. is the capacitance of the double layer. In
voltammetry the charging (non-faradic) current is always present as the applied potential is
continuously changing. When the potential is swept quickly, or there is a low concentration of
redox active material in the electrolyte solution the faradic processes can be dominated by the

non-faradic current and separation of the two can be difficult.

Given that capacitance is related to area, microelectrodes have a significantly lower
capacitance over macroelectrodes, and as current on a microelectrode is proportional to either
radius or edge length (see section 2.2.1) rather than area the Faradic to non-Faradic currents

(signal-to-noise) increases as the microelectrodes get smaller.

Reduced capacitance and the subsequent improvements in signal-to-noise ratio, along with
fast charging of the double layer, owing to reduced area, and reduced iR distortion make
electrodes more sensitive than macroelectrodes and more suitable for analysing fast reaction

kinetics.

2.1.3 Liquid Electrodes

Historically, the use of liquid electrodes has been largely restricted to polarography and the
use of either a static mercury drop (SMDE) or dropping mercury electrode (DME). SMDEs
and DMEs consist of a capillary filled with mercury metal, which is liquid at room
temperature. Electrical connection is made to the liquid mercury within the capillary, and an
open end of the capillary is submerged in the electrolyte solution exposing the suspended

mercury as the electrode surface.

Developed during the 1920s by Jaroslav Heyrovsky, polarography is a form of linear sweep

voltammetry over cathodic potentials, where the liquid mercury was used for its renewable
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electrode surface. The current response during polarography is determined by diffusion/
convection/mass transport to the electrode and produces a sigmoidal plot of current against the
applied potential. On the plot, there are oscillations, which correspond to drops of mercury

falling from the electrode (capillary) and the electrode surface being refreshed.

Recent interest in liquid electrodes has been predominantly as a cathode for recovering metals
in molten salts systems, particularly in the reprocessing of spent nuclear fuels. Desirable for
economic, political and environmental reasons, liquid cathodes present a viable means of
concurrently recovering almost all of the transuranic elements (plutonium, neptunium,

americium and curium) from the waste, which is dissolved into a molten salt.

Fundamentally, the liquid cathode enables these elements to be deposited at the cathode
surface, and then incorporated into the electrode through either diffusion into the liquid pool,
or amalgamation/ alloying with the liquid metal. The formation of alloys/ amalgams of these
elements of interest with the liquid cathode metal are thermodynamically favourable compared
to deposition of these elements at a solid cathode. This effect is represented by a relative shift
in the standard reduction potentials of these elements and thus facilitates the recovery when it

wouldn’t otherwise be possible within the potential window of the molten salt.

In practice, the use of liquid cathodes in molten salts has not yet been fully developed and is
fraught with complications. This thesis aims to address the use of liquid electrodes as a tool
for recovery of metals, and understand the limitations associated with dendrite formation

arising from deposition of solids at the surface of the liquid electrode.

2.2 Electrochemical Methods

2.2.1 Cyclic Voltammetry

One of the simplest, and most commonly used methods of electrochemical study, is cyclic
voltammetry. In cyclic voltammetry the potential of the working electrode is swept from a
starting potential between defined upper and lower potential limits at a constant sweep rate.
During the potential sweep the current, i, is measured and plotted against the applied potential.
The voltages selected to be the upper and lower limits for the sweep are chosen based on the

potential at which an electroactive species in the solution will undergo a redox reaction and
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from the potential of the reaction and the current response, it is possible to determine

thermodynamic and diffusional properties of the species.

For a typical one electron oxidation,

Equation 2.4

when the applied potential, E, is swept above the standard reaction potential, E®, the current
response will change with E as determined by the equation:

li| = nFAcsk,y

Equation 2.5

Where, |i| is the magnitude of the current, A is the electrode area, c, is the concentration of A
at the electrode surface and kOX is the rate constant for the oxidation reaction. When E is

significantly negative of E?, no current will be passed at the electrode as no reaction will occur,
however, as E approaches E’ the current response is governed by the rate of the oxidation
reaction, calculated as:

_ g6
kox = kgexp [“oanR(TE: £ )]

Equation 2.6

where, k’ is the standard rate constant for the electron transfer and a.x is the transfer coefficient
that describes the position of the transition state on the reaction co-ordinate between 0 and 1%

Initially, as E becomes increasingly more positive the current, i, increases exponentially with
E and the charge transfer reaction rate at the electrode controls the rate of the reaction.
However, as species A is oxidised to species B, more of species A must diffuse to the electrode

surface from the bulk solution in order for the reaction to continue. As depletion of species A
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occurs, this diffusion becomes increasingly difficult. With the applied potential being swept
increasingly greater than E’, the diffusion layer spreads into the bulk solution and the reaction

becomes rate limited by the rate of mass transfer, k., to the electrode.

MT?

On a macroelectrode this mass transfer limit causes the current to drop to with time as the

diffusion layer becomes greater. These two rate controlling processes, k  and k., are the

underlying factors which lead to the typical curved and peaked response of current in a cyclic
voltammogram (Figure 2.2a). On microelectrodes the current response in the cyclic
voltammogram differs from that of macroelectrodes. In the case of microelectrodes, the
advantages of enhanced hemispherical diffusion results in faster diffusion of species from the
bulk solution to the electrode and mass transfer is steady state. As the rate of diffusion of
species A to the electrode surface is time independent, kur is constant and there is no peak to
the current response. Without this peak, the current response for the reaction becomes a wave
shape (Figure 2.2b).

i (A)
I (A)

! E (V)

Figure 2.3: Characteristic cyclic voltammograms for a) a macro electrode with curved and peaked
response and; b) a microelectrode wave response.

On a microelectrode, the height of the oxidation or reduction wave is defined experimentally
as the limiting current. Calculation for this current is fundamentally dependent on the
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microelectrode shape, however initially the equation for calculating the limiting current on a

disc shaped electrode® ° was derived by Oldham®! to be:
i = 4rgnFDc,,

Equation 2.7

Where i_is the limiting current; r, is the radius of the disc electrode; D is the diffusion

coefficient for the redox species in solution; and c_ is the bulk concentration.

Microelectrodes produced, studied and previously characterised within the group are square
shaped, and to reflect this difference in microelectrode geometry Equation 2.7 must be
modified. To do this, the electrode radius property r, is replaced by the edge length of the

square, I, and a geometric factor, B, is introduced. For a square microelectrode, B was found
using simulations and experimental validation to be 2.632. The equation for calculating the

limiting current of a microsquare can be taken as:
i; = BnFDlcy

Equation 2.8

2.2.1.1 Deposition of Reaction Product

In the previously described example, oxidised product B has diffused away from the electrode
and is not directly observed at the electrode. An alternative case would be a redox reaction
where the product is deposited in some form at the electrode. In the case of metals, it is possible

to reduce the ion to metal which is deposited at the electrode.

On a macroelectrode the deposition of metal continues to be limited by, k , andk,,, with the

MT?
same initial peak and curve, however as the potential is swept further beyond E’ metal
continues to deposit on the electrode surface and the electrode area increases as the deposited
metal forms a new active surface. The growth of the electrode surface, and hence area, as metal
continues to deposit causes the current to increase again, even when the potential is reversed,

until the applied potential approaches E’. When the applied potential is swept above E’ and
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the metal is oxidised from the electrode, the reaction is limited by the rate of reaction, k_, and

the amount of material that has been reduced. This typically results in a large oxidation peak

as the material is rapidly oxidised, with the rate of mass transfer away from the electrode, k.,

having very little effect as the active species is already at the electrode surface.

On a microelectrode these features are more pronounced, as the enhanced diffusion enables a
greater proportion of metal to be deposited at the electrode, and similarly when the metal is

oxidised the resulting oxidation peak is very sharp.

At liquid cathodes, the reduced metal can, at the extremes, follow two routes. Either the
reduced metal can be dissolved into or alloy with the cathode metal; or the deposited metal
can form a solid crust over the liquid metal cathode eventually blocking the underlying liquid
and resulting in the electrode behaving as a solid electrode. The behaviour of species being
reduced at a liquid electrode can be governed by multiple factor such as alloying between the
cathode metal and the reduced metal; the miscibility between the two metals; the solubility of

the reduced metal in the cathode metal; and the density of the two metals.

2.2.2 Chronoamperometry and Potentiometry

Chronoamperometry is the measurement of current when the potential is fixed. Typically, the
potential is fixed and the current is measured with respect to time, and it is also possible to
step the potential and monitor the current response. Similarly, potentiometry is the

measurement of potential with time at a controlled current.

At a fixed potential for the reaction shown in Equation 2.4, where the fixed potential, E, is
greater than E®, the current response the current response initially follows the large peak
observed in cyclic voltammetry where species A at the electrode surface is oxidised. Once the
reaction is under mass transport control the current response as a function of time can be

described by the Cottrell equation:

li] = nFAca/Da
| = it

Equation 2.8
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As t tend to oo, [i| tends to zero, as the active species (in this example A) is consumed and ¢

decreases.

Fick’s second law predicts concentration changes due to diffusion over time for a thin layer of

thickness I:

Equation 2.9

The modified Cottrell equation is derived by integration of Fick’s second law with the Cottrell

equation,

. D172 Ag
lll_[nt] l

1+2Z( 1)’” _thl ]]

Equation 2.10

to describe the current response with changing concentration over time t, in thin layers of
thickness I, due to diffusion, D, for a system with defined boundaries. The experimental time
course for current response described by the modified Cottrell equation is controlled by the

parameter D/I2.

In practice, the application of chronoamperometry for measurement of current over time under

Cottrell conditions requires awareness of the instrumental and experimental limitations?.

In theory, very high currents will be passed for a short time period, but in practice the current
will be limited by the characteristics of the potentiostat being used. Uncompensated resistance
(Ru) and double layer capacitance (Ca) will result in the flow of a non-faradic current that will
decay exponentially with a time constant R,Ca. This charging current will contribute to the

measured current. In addition to these limitations, over longer time periods the build-up of a
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density gradient combined with natural convection will disrupt the diffusion layer, and often

results in larger currents than theory would predict.

Chronoamperometry and potentiometry are complementary techniques that can be used to
understand the evolution of the diffusion layer as a reaction proceeds. These techniques are
also used to drive continuous reactions such as electrodeposition of metal(s), or, as in the case
in Chapter 6, oxidise or reduce species to generate volatile species which are subsequently

removed from the solution.

2.2.3 Electrochemical Impedance Spectroscopy

The third, and arguably one of the most informative, electrochemical methods is
electrochemical impedance spectroscopy (EIS). EIS allows the investigation and
determination of a broad range of processes at an electrode surface, in some cases allows for
simultaneous processes to be analysed separately at a single electrode®®. Whilst resistance, R,

describes the opposition to a flow of current in a resistor, as defined by Ohm’s law'4,

N.lﬂj

Equation 2.11

it only accounts for direct opposition of current. In the presence of an alternating current, then
the phase difference between the oscillating potential and the oscillating current produce an
imaginary component in the response. The complex case for describing the opposition of
current in terms of the real (resistance) and the imaginary (reactance) components is

collectively known as the impedance.

When an oscillating current, i (t), is induced by an oscillating sinusoidal potential, E (t), then

the impedance Z can be described as:

E@)  Eump sin(2mft)
i(t)  igmpSin@rft+ 0)

Z(f)=

Equation 2.12

41



where f is the frequency of oscillation, Eamp is the maximum amplitude of the potential, iamp iS
the maximum amplitude of the current and 4 is the phase difference between the sinusoidal

waves.

Rearranging this equation allows impedance to be described in terms of the real and imaginary

components by the expression:
Z (f) = Z'sin(2nft) — Z" cos(2mft)

Equation 2.13

Where Z’ is the real component of the impedance and —Z” is the imaginary component which
is out of phase. This mathematical representation of impedance gives rise to a plot of Z’ and —
7" as the x and y axis respectively. This plot is a typical method of graphically presenting

impedance data, and is known as the Nyquist plot*2.

Beyond the Nyquist plot, the analysis of impedance at a macroelectrode can be performed by
comparison to an equivalent circuit, and subsequent fitting to the response which would be
expected for that circuit. Before these comparisons and subsequent analysis can be undertaken,
a simple understanding of fundamental electrical circuit components, and the physical process

being studied is required.

The simplest impedance response is that of a capacitor, which, on a Nyquist plot appears as a
line perpendicular to the x-axis. In an electrical circuit model a capacitor represents the
charging of the double layer of ions that form across the surface of the electrode. If a capacitor
is in series with a resistor, the position of the perpendicular line on the Nyquist plot is the sum
of the resistance of the capacitor and that of the resistor to give the total impedance. In an
electrochemical cell, a resistor in the equivalent circuit represents various simple resistive

properties such as the electrolyte resistance or a charge-transfer resistance.

If aresistor is added in parallel on the equivalent circuit, then there are two paths for the current
to pass through the circuit. When presented with such circuit, current always travels the path
of least resistance, which in an electrochemical cell is dependent on the frequency of
oscillation. At low frequencies, the capacitor is quickly charged and presents an extremely

high resistance and so the resistor is the favoured path for current to flow. At high frequencies
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however, the path containing the capacitor is favoured. Intermediate frequencies are composed
of some combination of double layer charging and current passing through the resistance and
thus the response varies across the frequency range. In real (experimental) conditions, the
double layer must always charge before an electron transfer reaction can take place, so this

equivalent circuit arrangement is typically found for charge transfer resistances.

A circuit representing a true electrochemical cell is far more complicated than just a capacitor
and a resistor in parallel, and so other circuit elements must be introduced to better reflect the
processes taking place during the electrochemical reaction. For instance, the initial resistance
of an electrolyte between the working and reference electrodes must first be overcome by a
current flow before charge transfer or double layer charging will take place. This initial
resistance will be added to the plot, shifting the resistance at the intercept of the Z’-axis more
positive by the value of the electrolyte resistance.

On macro electrodes, there is an additional feature on the Nyquist plot which gives the linear
response describing the linear mass transport from the bulk to the electrode surface. This 45°
line in known as the Warburg impedance (W) and is a common element in modelling
electrochemical systems and semi-infinite linear diffusion. As microelectrodes have different
mass transport properties, the microelectrode response differs to that of a macroelectrode®.
On a microelectrode, linear diffusion rapidly advances to hemispherical diffusion, and is no

longer described by the Warburg impedance.

By combining the described electrical components, it is possible to compose an equivalent
circuit which represents the behaviour of an electrochemical cell. The most common circuit,
representing the basic electrochemical cell is the Randles circuit (Figure 2.4). In the Randles
circuit Rs is the solution resistance, Rer is the charge transfer resistance and Cp. is the
capacitance of the double layer at the electrode surface. W is the Warburg impedance element
describing the frequency dependence of diffusive transport, which for a microelectrode is
placed in parallel to a resistor, Rni. At low frequencies, diffusion over a longer time changes

the concentration more significantly. This resistor is used as an approximation to describe the
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non-linear diffusion to the microelectrode where the response in the Nyquist plot returns to the

Z’-axis at lower frequencies®®.

Rs Rs

Rer Rer

Figure 2.4: Circuit diagram of the Randles circuit (left) and modified Randles circuit for
microelectrodes (right).

In this thesis, EIS is used to probe the surface of macro- and micro- electrodes during
deposition at liquid cathodes and measure the change in resistance as an indication of dendritic
growth. Fitting to an equivalent circuit was not possible as the equivalent circuit for a liquid

electrode could not be established. Instead raw, as-measured data is presented, and discussed.

2.3 Contact Angles

The principle of wetting plays a significant role in numerous industrial processes such as oil
recovery, lubrication, paints and coatings, printing and adhesives!®2t, Wetting studies are of
interest both fundamentally and in application owing to the ever-increasing list of potential

applications, for example in self-cleaning surfaces?? and electrowetting?®.

Wetting studies typically involve the measurement of the contact angle to indicate the degree

of wetting when a liquid interacts with a solid.

The work of adhesion of a liquid drop to a solid surface is defined by the Young-Dupre

equation, W =y, (1 + cos 8), where vy, is the surface tension of the liquid and 4 is the contact

44



angle. Work of adhesion, W, is generally considered to be equivalent to the free energy of

adhesion.

Large contact angles (greater than 90 °) correspond to poor wettability of the surface and small

contact angles (less than 90 °) correspond to high wettability.

2.3.1 Contact angle and Surface tension

Contact angle measurement techniques can be classified in two main groups: direct optical
measurement; and indirect force methods. Contact angle values can then be used to calculate
the surface tension of the solid material. In this thesis direct optical measurements shall be
used to determine the behavioural trend of contact angles between lithium-potassium eutectic
and selected surfaces. To date, insufficient data has been determined for the surface tension of

rigorously dry lithium-potassium eutectic droplets to allow further calculations.

Figure 2.5: Contact angle measured between the three phases, where S, L and G represent solid,
liquid and gas.

The contact angle is defined as the angle formed at the intersection of the liquid-solid/ liquid-
vapour interface. This is geometrically acquired by taking a tangent line from the liquid-solid
contact point and following the liquid-vapour interface of the droplet profile (Figure 2.5) and

measuring the angle @ with respect to the horizontal surface.
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In Figure 2.6 it can be seen that when a liquid spreads across the surface, a low contact angle
is observed. In the most extreme instances of spreading it can be very difficult to measure the
contact angle. Contact angles approaching 0 ° indicate complete wetting of the surface.
Conversely, when the contact angle is large, it generally means that wetting of the surface by
the liquid is not favoured, and the liquid will keep its contact with the solid to a minimum.
This forms a compact liquid droplet, and in the more extreme cases, showing almost no contact
between the liquid and the solid. For example, the measurement of a water droplet on a super-
hydrophobic surface has contact angles greater than 150 °, similar to that of water on a lotus

leaf?*.

/ Wetting angle B

Surface R
L \ Liquid

E ) 9> 180° No Wetting
_Q_ 6>30 Incomplete

: 6= 90° Wetting

o e<90°  Good Wetting
9=0° Spreading

Figure 2.6: Types of interactions arising between a liquid and a solid surface.
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Contact angles are not solely limited to the liquid-vapour interface on a solid, and can be
applied to liquid-liquid interfaces on solids, however these more complicated scenarios will

not be considered in this thesis.

In ideal cases, a liquid droplet’s shape is governed by the surface tension of the liquid. In pure
liquids, the molecules in the bulk interact equally with its neighbour molecules in all
directions, resulting in a net force of zero. At the droplet surface however, neighbouring
molecules are not present in all directions. Instead of a balanced force, the outer molecules are
pulled inwards by the neighbouring molecules to create an internal pressure. The liquid
maintains its lowest surface free energy by deliberately contracting its surface area. For a fixed
volume in free space, the minimum surface area is achieved by taking the form of a sphere,
but in practice the droplet is deformed by external forces e.g. gravity. Theoretically, the contact
angle of a liquid-solid system in a specific environment should be characteristic of the

system?®.

The contact angle of a liquid on an ideal surface is defined using Young’s equation®® by the

mechanical equilibrium of the drop under the action of each of the three interfacial tensions,
0 =¥sy — ¥sL — Yy Cosb,
Equation 2.14

where ysv, ysi, and y.v are the solid-vapour, solid-liquid and liquid-vapour interfacial tensions
respectively and 6 is the contact angle. & in the context of this equation is usually referred to

as Young’s contact angle, 6y.

2.3.2 Contact angle Hysteresis

Young’s equation sets the scene that contact angle is a static state, dependent on three
thermodynamic parameters. In practice there are multiple metastable states a droplet can
exhibit on a solid, and the experimentally measured contact angle is rarely equal to Young’s
contact angle. Liquid on a surface moves to refresh its surface and to wet the fresh surface of
the solid. If the three-phase contact point is in continuous motion, the contact angle produced
is called a dynamic contact angle. This is particularly prevalent in an expanding or contracting

liquid. When a liquid is expanding, the contact angle is called the advancing angle. Conversely,
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when a liquid is contracting, the contact angle is called the receding contact angle. These
angles form a range, with the advancing angle approaching a maximum value, and the receding
angle approaching a minimum value. The difference between the advancing angle and the

receding angle is called the hysteresis.

Contact angle hysteresis has been exhaustively studied, with the general conclusion that
surface roughness and heterogeneity lead to a greater hysteresis of the contact angle. For
surfaces that are not homogeneous, some regions will be non-wetting, presenting a barrier to
the droplet and increasing the contact angle. Other regions will be more wetting, drawing the
droplet onto the surface and reducing the contact angle. Surface roughness can act in one or
both of these roles with microscopic variations in the surface acting as barriers or channels for
the liquid, with microscopic features presenting as macroscopic changes in contact angle.

The contact angle phenomena is highly complex, and the experimentally observed contact
angles are not always equal to the Young’s contact angle?” as Young’s equation does not
account for the surface topography. The observed contact angle is only observed to be the
Young’s contact angle on ideal surfaces, and interpreting contact angle data can often be
misleading. On a smooth, chemically heterogeneous solid surface the contact angle may not
be equal to Young’s contact angle, yet may still be expected to be a good approximation of 6y,
however the angle may have less reproducibility owing to liquid sorption or solid swelling?.
On rough surfaces the measured contact angle and év are likely to have no correlation, and
contact angles on rough surfaces are largely considered to be meaningless for fundamental

study.

Despite the negative impact of a large surface roughness on the relationship between measured
contact angle and 6y, there is no defined limit at which a surface is considered too rough to
provide an accurate contact angle. As a general guide, surfaces should be prepared as smooth
as possible, free from surface contaminants and be inert to the liquid being used in the

measurement.

In this thesis, only static contact angles will be measured owing to the complexities of
manipulating a liquid droplet with a high temperature melting point and the requirement to

maintain an oxygen and moisture free environment. By studying carefully prepared samples
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and maintaining a rigorously controlled environment, it is possible to measure the trend in

contact angle on smooth, homogeneous surfaces, without the distortion from hysteresis.

2.3.3 Contact Angle Measurement

The simplest and most widely used method for measuring contact angles is a direct, optical
measurement of the tangent at the three-phase intercept on a sessile drop profile. The first
dedicated instrument of this kind was set up by Bigelow et al.?, which they called a “telescope-
goniometer” and used to measure contact angles of various liquids on polished surfaces. Whilst
the word telescope has been dropped from the name in general parlance, the principle behind

this technique remains unchanged.

The apparatus consists of a horizontal stage on which the solid surface is mounted, and a
micrometer pipette is used to form a liquid droplet on the surface. A diffuse light source is
positioned behind the surface and droplet, and a telescope equipped with a protractor device
was used to measure the angle through an eyepiece. In modern equivalents, the telescope has
been replaced with a high resolution camera and lens, with the measurement of the angle being
carried out using computer software. High magnification lenses allow for relatively detailed

examination of the three-phase contact point and the profile of the drop.

Direct optical measurement of this type has the advantage of being simple, relatively low cost,
and allows the study of small samples, both liquid and surface substrate. Smaller size samples
can increase the impact of impurities; however, this can be mitigated by the care taken by the
operator. Similarly, the accuracy and repeatability of measurements rely on the consistency of
the operator, especially in the assignment of the tangent line, although with the increasing use

of computer based analysis this becomes less of a concern.

Direct measurement of contact angles with a goniometer has some disadvantages. The first
being that droplets are often not symmetrical in shape, owing to either surface defects or from
the surface not being perfectly horizontal. To overcome this, the contact angle should be
measured on both sides of the drop, and repeat measurements taken so that a representative
angle can be determined. Secondly, small contact angles, below about 10 ° cannot be
accurately measured due to the uncertainty in defining the three-phase contact point when the
profile is almost flat and the silhouette of the droplet could be distorted. Finally, variations in

the surface at the contact point can also cause variations in the observed contact angle;
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however, these can also be overcome by numerous repeat measurements and by discarding

any obvious outliers.

Measurement of sessile-drop type contact angles using a goniometer is largely considered to

be a convenient and well-practiced method of contact angle measurement, and accuracy is

largely considered to be about + 2 °%°,
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3 Experimental

In this thesis a number of different experiments have been carried out to develop the
understanding of deposition at liquid cathodes and in molten salts. This chapter will discuss
the methodologies used in these experiments, and the fabrication processes of the substrates
studied in the contact angle measurements.

3.1 Electrochemical Experiments

This section will set out the two main experimental arrangements, for agueous and molten
salts, applied in this thesis. The electrochemical methodologies used have already been

described in Chapter 2.

Electrochemical measurements were collected at the University of Edinburgh using a
PGSTAT 12 potentiostat (Autolab, Netherlands), and in NNL’s central lab using an iviumstat

(Ivium, Netherlands).

Electrochemical experiments were controlled using the associated software (GPES or FRA at
University of Edinburgh, and IviumSoft at Central Lab) for each potentiostat. For the Autolab
potentiostat at the University of Edinburgh, GPES was used for the data collection and initial
analysis of cyclic voltammetry, chronoamperometry and chronopotentiometry, whilst FRA

was used for the collection and analysis of electrochemical impedance spectroscopy data.

Origin 8.5 (OriginLab, USA) data analysis and graphing software was used for data
presentation and additional analysis performed on the data, and has been used to present the

data in this thesis.

3.1.1 Aqueous Experiments

Agqueous experiments were solely conducted at the University of Edinburgh. Both
microelectrodes and macroelectrodes were used as working electrodes, with all of these being

fabricated in house. Planar electrodes were fabricated by the Scottish Microelectronics Centre
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(SMC), whilst the mercury metal macroelectrodes were fabricated as part of the experiments

where they were used.

Ambient electrochemical experiments were performed in a Faraday cage to limit
electromagnetic interference, or Radio Frequency (RF) noise, in electrochemical experiments.
Electrochemistry was carried out using a three-electrode system with a cell of a 7.5 cm
crystallisation dish (Pyrex) and using a 1.5 cm? platinum gauze counter electrode, either a
saturated calomel or a double junction silver-silver chloride reference electrode, and either a
planar working electrode supplied by the SMC or the liquid macroelectrode as described

above.

Redox agents, purchased from Sigma Aldrich, were used in concentrations ranging from
10 mM to 100 mM, and KNOsbackground electrolyte concentration was consistently 0.1 M.
Solutions were made using 18 MQ deionised water and degased with argon for 20 to 30
minutes prior to use. Argon gas was then blown across the surface of the solution to prevent

ingress of free oxygen to the solution during the experiments.

As mercury can react with chloride ions to form the insoluble product calomel (Hg:Cly),
experiments using mercury in any form (metal or redox species) were carried out in nitrate
solutions using the double junction reference electrode. All apparatus was thoroughly cleaned
in water and rinsed with nitrate background electrolyte prior to use such that calomel could

not form on the surface of the liquid mercury electrodes.

3.1.2 Liquid electrodes

Due to the liquid nature of mercury at ambient conditions, the desired working electrode was
formed by corralling Hg metal in a small ceramic crucible (CC9, Almath, UK). The electrical
connection was then made to the liquid metal using a platinum wire fed through a ceramic tube
to preclude electrical connection between the wire and the electrolyte solution (Figure 3.1).

The mercury was constrained by the dimensions of the insulating ceramic crucible, and any
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surface deposits upon the electrode surface should, at least initially, be formed at the surface

of the liquid metal.

Working electrode
connection wire

Reference Electrode Wire sheath
(double junction)

Counter
Electrode

Mercury Working
Electrode

.

Figure 3.1: Schematic of apparatus for experiments with a liquid metal macroelectrodes.

The crucibles (CC9, Almath, UK) used for constructing the mercury electrodes have a
maximum capacity of 0.6 mL After accounting for the displacement of the ceramic tube and
wire, the total volume of mercury used in the macroelectrode was 0.6 cm?. The cross sectional
area of the crucible was approximately 0.45 cm?, significantly larger than the area of a
microelectrode. This area does not take into account the convex meniscus® of the mercury,

which would further increase the effective electrode area (Figure 3.2).
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Figure 3.2: Image of the meniscus on the mercury macroelectrode used in this thesis.

Note that this arrangement for the liquid electrodes was used for both aqueous and molten salt
experiments, and is comparable in terms of electrode area, with only a subtle difference due
to the shape of the meniscus at the mercury-water interface and bismuth-LKE interface.

3.1.3 Molten Salts Experiments

As discussed in Chapter 1, molten salts have unique properties that make them of significant
interest in the pyrochemical processing of metals. The corrosive nature, and importance of
maintaining an anhydrous, oxygen free atmosphere create handling and contamination issues

that must be avoided.

In order to maintain an inert atmosphere around the molten salt, and prevent ingress of oxygen
into the melt, molten salts experiments were carried out in a sealed cell (H. Baumbach & Co,

Ipswich, UK), operated under either vacuum or a flow of anhydrous argon.
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The lower section of the cell was a flanged quartz vessel with an outer diameter of 72 mm and
a 5 mm wall thickness. The upper, lid section was made from borosilicate glass and was also
flanged so that the 2 sections can be joined together to make a gas-tight seal. The lid had either
three, four or five vertical ports in the top and two side ports at about 40° from the vertical, to
which gas lines are connected. These ports were threaded so that screw connectors with O-

rings or silicone washers could be used to seal the connections.

The LKE was contained in a glassy carbon crucible (GAT10, Sigradur®, HTW Germany)
which was placed in the lower gquartz section of the cell. Once assembled, with the required
electrodes fed through the upper vertical ports of the cell lid, the cell was sealed at the flanges
using high temperature vacuum grease. The cell was then suspended in a vertical tube furnace
(Carbolite, Derby UK) to heat the LKE to 500 °C (Figure 3.3).

Figure 3.3: Photos of high temperature cell and cell operating in the tube furnace.

56



For molten salts experiments the counter and working macroelectrodes were 1.6 mm diameter
tungsten rods, which were fed through a glass tube and sealed at one end to support the sealing
of the cell. The reference electrode was made from a silver wire dipped into a mullite tube
(Almath, UK) which was filled with 1% AgCl in LKE and sealed to form an Ag|AgCI
reference electrode. The mullite ceramic material is conducting, and thus allows current to

flow, whilst the silver —silver chloride reaction fixes the potential as discussed in chapter 2.

Similarly to the aqueous liquid electrodes, macro liquid electrodes were made for the molten
salts experiments by filling small ceramic crucibles (CC9, Almath, UK) with 1 to 3 mm beads
of bismuth metal (Sigma Aldrich, UK) which were melted and subsequently cooled in an inert
argon environment. These crucibles of bismuth were then placed in the bottom of the glassy
carbon crucible so that when the LKE was melted, the Bi metal would also melt under the
LKE and an oxide film would be prevented from forming over the surface of the liquid pool.
An electrical connection was made to the liquid pool via a sheathed tungsten wire, with the
sheath also being partially submerged in the liquid bismuth to prevent the wire being exposed
to the salt.

Molten salts experiments were carried out at both the University of Edinburgh and at NNL’s
central lab facility. The above set up was mirrored at NNL’s central lab facility; however, at
central lab the cell could only be kept under an inert argon atmosphere and not held under
vacuum. At central lab the cells were assembled in a glovebox, where moisture and oxygen
levels were controlled to be less than 10 ppm using a recirculation system (Saffron, UK) which
passed the argon through molecular sieve (Saffron, UK) and desiccant (Saffron, UK). This
was confirmed using two oxygen meters (Rapidox, Cambridge-Sensotec, UK; Systech 600
Series Mk 111 oxygen transducer, USA) and a hydrometer (Mitchell Cermet 1l Hygrometer,
UK), precluding the need for the rigorous exclusion and removal of moisture from the cell

during initial fusing of the salt.

3.2 Contact Angle Experiments

3.2.1 Substrate Preparation

Silicon substrate (76 mm diameter, n-type <100> silicon wafers, IDB Technologies) based

surfaces, similar to those of interest in the fabrication of microelectrodes for uses in molten

57



salts were prepared by Dr Jonathan Terry at the Scottish Microelectronics centre. The surfaces
used were: native and polished samples of thermally grown silicon oxide; plasma-enhanced
chemical vapour deposited (PECVD) silicon oxide; plasma-enhanced chemical vapour
deposited (PECVD) silicon nitride; and low pressure chemical vapour deposited (LPCVD)
silicon nitride. Samples of titanium, titanium nitride and tungsten, deposited by sputtering
were also supplied by the Scottish Microelectronics Centre. Further details on surface

fabrication are given below.

Samples of brushed and mirrored 316 stainless steel (RS Supplies, UK) and glassy carbon
(Sigradur®, HTW Germany) were also investigated to establish the molten salt wetting

characteristics of system relevant materials.

3.2.1.1 Oxide Surface Fabrication

Layers of thermal oxide are produced by the conversion of surface silicon on the wafer to
silicon oxide by heating in oxygen and is a common insulator in microelectronics. The
oxidising mixture reacts with the surface to produce silicon dioxide by oxidation of the silicon
in the wafer. As the layer of silicon dioxide grows into the wafer, the oxidising agents must
diffuse through the oxide layer to further react with the underlying silicon. This diffusion rate
slows the rate of oxidation of the silicon, and so the thicker they layer of the oxide, the longer

the process takes?.

Chemical vapour deposition (CVD) is a process where one or more volatile precursors are
exposed to the substrate and react and/or decompose onto the substrate to produce a high-
purity, high-performance solid film. Two types of CVD were used to prepare films of silicon
oxide and silicon nitride for measuring contact angles with LKE. PECVD was used to deposit

silicon oxide and silicon nitride films, whilst LPCVD was used to deposit silicon nitride films.

Plasma-enhanced chemical vapour deposition (PECVD) is used to deposit thin films from

gaseous precursors which react after plasma is created from the gases and deposit as a solid
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product on the substrate. The plasma is generated by passing the reacting gases between two

electrode and passing an RF (AC) frequency discharge between two plates.

The thermal oxide layers were grown by wet oxidation in an O/H, mixture in a furnace at
1100 °C.

The PECVD silicon oxide films were deposited from silane (SiH4) and nitrous oxide (N2O)
precursors in nitrogen using a parallel-plate PECVD reactor (Surface Technology Systems).
The chamber pressure was maintained at 600 mTorr and the RF power that generated the
plasma was set at 20 W with a frequency of 13.56 MHz. The PECVD deposition time was
targeted to deposit a film thickness of 500 nm SiO,. However, the actual thickness on each

wafer was measured using a Nanometrics Nanospec automatic film thickness system.

3.2.1.2  Nitride Surface Fabrication

Silicon nitride is a common ceramic material used in the semiconductor industry. As “silicon
nitride” can be used to describe a broad range of stoichiometric and non-stoichiometric ratios
of silicon and nitrogen, precise control of the composition is required. As a ceramic it has a
low thermal expansion coefficient, low thermal conductivity and has a high strength across a

wide temperature range.

Low pressure chemical vapour deposition (LPCVD) is where the CVD process is carried out
at sub-atmospheric pressures to reduce unwanted gas-phase reactions and improve film
uniformity. Stoichiometric silicon nitride films were deposited from dichlorosilane (SiH2Cl.)
and ammonia (NHs) in a LPCVD tube furnace using gas flows of 5 sccm and 20 sccm

respectively at a temperature of 800 °C.

The PECVD silicon nitride films were deposited using a parallel-plate PECVD reactor
(Surface Technology Systems), from silane (SiH4) and ammonia (NHs) at gas flows of 40 sccm

and 55 sccm respectively in a nitrogen (N2) stream of 1960 sccm at a temperature of 350 °C.
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The chamber pressure was maintained at 900 mTorr, and the RF power that generated the

plasma was set at 20 W with a frequency of 13.56 MHz.

Both PECVD and LPCVD deposition times for the silicon nitride layers were controlled to
produce a film thickness of 200 nm. PECVD produced nitride films of SiN:H, whilst LPCVD

films were stoichiometric SisNa.

3.2.1.3 Surface Polishing

Samples of each of the thermal oxide (=1 pm thickness), PCVD oxide (=500 nm and ~1 pm
thickness), LPCVD nitride and PECVD nitride were polished by chemical mechanical
polishing (CMP) in an effort to overcome any surface roughness issues that may arise as
described in Chapter 2.

CMP is a process whereby the surface of a wafer is polished with abrasive, corrosive slurry on
a polishing pad. The wafer is held in a chuck by vacuum, which is rotated as it presses the
wafer into a polishing pad. The polishing of the wafer is achieved chemically and
mechanically, with the slurry chemically etching and weakening the material and the

mechanical action of the pad removing debris from the surface.

Polishing was performed on a Presi Mecapol 460 polisher using a Klebosol 30H50 colloidal
slurry chilled to 10 °C. Each wafer underwent 40 seconds of slurry-based polishing and 90
seconds of rinsing with 1% (w/v) tetramethylammonium hydroxide (TMAH) solution. After
the wafers had been removed from the polisher, they were rinsed in 10% (w/v) TMAH solution
for 10 minute followed by a cleaning cycle in an Ultratech mask scrubber to remove any slurry

particulates that remained on the surfaces.

3.2.14 Deposited Metal Surface Fabrication

Titanium, titanium nitride and tungsten surfaces were prepared by DC magnetron sputtering.
The titanium and titanium nitride layers were deposited to a thickness of 20 nm. In the case of
the tungsten, a 10 nm adhesion layer of titanium was sputtered onto the wafer to relax the

stress in the subsequent 200 nm layer of tungsten.

During sputtering, high energy argon ions (Ar*) are used to bombard a large metal target.

These ions physically knock metal atoms off the surface of the target, and these atoms are
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transported in vacuo to the process wafer where they deposit on the surface. This process
results in an even coating of the substrate in the metal atoms. Film thickness is controlled and
measured during the deposition process using a quartz crystal microbalance incorporated into
the instrument. Film thicknesses were also checked after deposition using a profilometer. In
the case of the tungsten samples, the adhesion layer is deposited in the same process cycle,
without the vacuum being broken, to ensure that oxide could not build up on the surface of the

adhesion layer.

Once the samples were fabricated and surfaces prepared, the wafers were diced into quarters

using a diamond-tipped scribe and stored in container until required to prevent contamination.

3.2.2 Lithium-Potassium Chloride Eutectic Preparation

Lithium chloride — potassium chloride eutectic was fused and dried using the method described
in Chapter 6. Once fused and electrochemically dried, an anhydrous argon environment was
maintained over the LKE and the crucible of LKE was transferred to a rigorously dry argon

atmosphere glove box.

Once the fused LKE had been removed from the crucible, the salt was broken up and ground
to beads of approximately 3 to 5 mm diameter (= 0.1 g) with a mortar and pestle and placed

into sealed vials for storage until required for measurements.

When required, these sealed vials were removed from the glove box in an air-tight container
and were not opened to expose the salt to the air until transferring the salt bead onto the
substrate. Although the transfer of the bead onto the substrate did result in the bead being
transiently exposed to the atmosphere, the time of exposure was restricted as far as reasonably

practicable by flushing the chamber with argon immediately.

3.2.3 General Contact Angle Measurement Method

To benchmark the method and ensure no optical aberrations were introduced by the glass hood,
contact angles of 5 pL droplets of deionised water were measured on each of the surfaces using

and existing goniometer (Figure 3.4). The camera, stage and backlight of the goniometer were
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all adjustable to ensure the correct alignment to achieve the best possible image for measuring

the contact angle of the droplets on the surfaces.

Figure 3.4: Standard goniometer used for measurement of contact angles at ambient conditions.

In order to measure the contact angles of molten salt droplets on the substrates in an inert
atmosphere at 400 °C, the existing goniometer was adapted to be suitable for the task. In order

for the salt to be melted on the substrates, the standard stage, on which substrates were
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normally placed, was replaced by a ceramic hotplate capable of maintaining temperatures of
up to 450 °C (Figure 3.5).

Figure 3.5: Goniometer stage replaced by a ceramic hotplate.

As in-situ measurement of the hotplate temperature was not possible owing to practical
limitations of the glass hood design, and the position of the sample on the hotplate, the hotplate
was calibrated using an independent thermocouple. The hotplate was then tuned to a fixed
setting, where it repeatedly and accurately heated to, and maintained 400 °C during each heat

cycle.

The arrangement of the apparatus can be seen in Figure 3.6. In the centre of the apparatus, the
hotplate was situated on a custom designed platform with adjustable feet allowing the hotplate
to be raised, lowered and levelled. To the left is the camera used to capture images of the
droplet/ surface interface and to the right is a diffuse light source. A steel framed glass hood

enclosed the ceramic plate of the hotplate, and dry argon gas was fed into the resulting chamber
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in order to maintain a dry, inert atmosphere. Gas was vented from the chamber using fortuitous
leakage paths around the perimeter of the hotplate between the ceramic plate and the glass
tank. In order to maintain the inert atmosphere within the chamber, a positive flow rate

equivalent to 2 gas exchanges per minute was maintained.

Camera

Figure 3.6: Experimental set-up for contact angle of molten salt measurements.

The hotplate was adjusted to be aligned with the existing camera and backlight and the LKE
samples were placed on the substrates as solid beads of eutectic salt. The chamber was then
purged with argon before the substrate was heated and the contact angle measured once the
salt had fully melted. Once an image of the contact angle of the molten salt in argon had been
captured, the argon supply was shut off, and the hood removed to measure the contact angle
of the molten salt in air.

This apparatus was repeatedly tested for reliability and shown that the salt beads were readily
melted on the surfaces within the glass hood (Figure 3.7).
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Figure 3.7: Image of LKE droplet melted on a substrate at 450°C in the modified goniometer.

Between measurements the hotplate was allowed to cool before the next sample was placed
on the hotplate, a fresh bead of salt was placed on the substrate and the hood replaced over the

hotplate and purged with argon prior to heating.

3.2.4 Contact Angle Data Analysis

Images of the contact angles were recorded as video clips, from which stills were extracted
and analysed using the Dropsnake plug-in® “for ImageJ software®. The accuracy of contact
angle measurement was determined by a combination of the software (0.01°) and the image
resolution. For the purposes of this thesis, contact angles were only measured to the nearest
degree, and instrument error assumed to be zero. As explained in chapter 2, contact angles
which were measured as less than 10° were deemed to be unreliable, and were therefore simply

recorded as the salt spreading on the surface.
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Images of droplets of LKE on each of the surfaces were repeated at least 8 times, with each
measurement producing two measurements (i.e. 16 measurements), for each of the left and
right three phase points observed. Once these angles had been measured, and the anomalies
excluded, the remaining angles were averaged to determine a representative contact angle for

each of the surfaces.

The contact angles measured on each of the surfaces are presented in Chapter 6, along with

the discussion of these results.
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4 Aqueous Analogues for Detection of Dendritic
Growth

4.1 Introduction

As discussed in chapter 1, to enable the concept of full recovery of fissionable material and
reactive fission products from spent nuclear fuel to be achieved in molten salts, the use of a
liquid cathode is essential. The proposed system relies on a range of materials, largely fission
products, being safely, and simultaneously captured by alloying these materials in a liquid
cathode. Producing an alloyed product is vital for a pyroprocessing system to be considered
proliferation resistant, as selectively recovering highly active fission products would be
politically untenable.

If such a pyroprocessing system is to be adopted, then a fundamental understanding of the
reduction processes at liquid cathodes and the resulting products must be established. Given
the technological challenges in carrying out rigorously controlled experiments in molten salts,
it would be prudent to first understand the fundamental processes in analogous systems at

room temperature.

This chapter expands on previous work at the University of Edinburgh by Dr Nathan Brockie?,
which focused on visual observation of the reduction processes and the surface structures of
deposits on the liquid surface. In Nathan’s thesis zinc and copper are identified as suitable
analogues for metals deposited at liquid cathodes in molten salts which amalgamate with the
liquid metal cathode and form solid dendrites respectively. Zinc was chosen for two reasons;
it readily forms amalgams with mercury, which do not become solid until 30 atomic percent
zinc?; and the diffusion coefficient of zinc in mercury (10° cm?s?) is similar to uranium in
cadmium or bismuth liquid cathodes® #. Copper was selected as it amalgamates with mercury
to a much lesser extent, and deposition forms the solid thermodynamic product CuzHgs,

belendorffite, at all concentrations.

Here the electrochemical response during deposition of zinc and copper at a liquid mercury
cathode are studied on macro- and micro- electrodes. The electrochemical response observed
during dendritic growth has been investigated at macro- and micro- electrodes, and compared
to demonstrate a characteristic indicator of when dendritic growth is occurring. To eliminate

the possibility of calomel formation on the surface of the mercury electrodes influencing the
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results, experiments were carried out using nitrate solutions and were kept free from chloride

contamination.

4.2 Electrochemistry of Zinc (Il) at a Mercury Pool Cathode

First, the deposition of zinc, which is known to form an alloy with mercury, at the macro
mercury electrode was investigated to establish the behaviour that can be expected when the

desired process of recovery in a molten salt is achieved.

Working electrode
connection wire

Reference Electrode Wire sheath
(double junction)

Counter
Electrode

L
gaeaEn L Mercury Working
Electrode

Figure 4.1: Experimental set-up for liquid macroelectrode experiments.
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Figure 4.1 shows the schematic of the 3 electrode cell where the working electrode is a crucible
filled with mercury, and an electrical connection is made through a sheathed wire. The

apparatus and method for the liquid macroelectrode experiments is discussed in detail in

section 3.1.2.

In solution, zinc ions exist as Zn?*, which is reduced in a single, 2 electron process to Zn°, and
oxidised back to Zn?*. At the mercury cathode, the reduced zinc forms an alloy with the

mercury metal as shown on the phase diagram in Figure 4.2.
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Figure 4.2: Phase diagram of mercury-zinc system® showing their alloys. White sections indicate
a two-phase field, whilst shaded sections indicate a single-phase field with its composition noted.
The red arrows indicate the approximate temperature at which the experiments were conducted.

The phase diagram in Figure 4.2 shows that at room temperature (indicated by the red arrows)
there are three distinct alloys of mercury and zinc. In order of increasing zinc content, these

are ZnHgs, ZnsHg, and Zno 7sHgo.2s. As zinc is reduced at the electrode, it is not clear whether

69



the alloy formation is limited to the surface of the electrode, the alloy diffuses into the mercury

metal, or whether the alloy is solvated within the mercury pool.

As the proportion of zinc increases, the density of the alloy decreases from a density of 14.4 g
cm for pure Hg® to a density of 9.47 g cm™ for the alloy Zno7sHgo2s’. The density of zinc is
7.4 g cm38, As zinc is reduced at the surface of the electrode, the alloy formed floats on the
denser mercury pool, and the boundary between the alloy and the mercury grows into the pool

rather than a homogeneous mix of the alloy and the mercury metal.

4.2.1 Zinc Deposition on a Macro Liguid Metal Electrode

The typical current time transient of zinc reduction at a mercury liquid cathode is shown in

Figure 4.3.
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Figure 4.3: Current -time transient for the reduction of Zn (11) at a mercury electrode at -0.2 V
vs Ag/AgCI with 100 mM Zn(NOs)z in 0.1 M KNOa. Note spikes are electrical noise and there is a
background current of -5 x 10 A on the Zn-Hg amalgam.
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In Figure 4.3 the current response is as would be expected for a continuous reduction. Spikes
in the transient are due to electrochemical noise from adjacent equipment, and external
convection from other activities in the lab. After around 1500 seconds the current reaches a
background current of -5x10° A. At this point a Zn-Hg alloy has formed at the electrode
surface and although a background current was observed the deposition had become diffusion

limited.

Having deposited Zn at the electrode surface, the potential was switched to oxidise the zinc

and the current time transient is shown in Figure 4.4.
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Figure 4.4: Current-time transient of the oxidation of zinc from a liquid mercury electrode at 0.5
V vs Ag/AgCl with 100 mM Zn(NOs)2 in 0.1 M KNOs.

In Figure 4.4 the zinc oxidation current initially jumps as the diffusion layer is charged and
the current decays as the reaction is diffusion limited by the rate of zinc diffusing out of the

mercury pool. After around 2000 seconds the current response changes as the zinc is depleted
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from the mercury and the reaction is limited by the last of the zinc ions diffusing away from

the electrode surface.

Comparison of the reduction and oxidation charges (less the background current) indicates
that all the deposited zinc is stripped from the liquid pool during the oxidation step. Almost
90% of the reduction current was passed during the oxidation of the zinc (3.15 mC passed
during oxidation vs 3.54 mC passed during reduction). As the reduction charge includes what
is likely to be a small background current, and the oxidation current returned to, and held at
zero A, it is assumed that all of the zinc reduced at the mercury cathode was re-oxidised

electrochemically and there were no losses of zinc due to competing mechanisms.

Furthermore, the shape of the oxidation curve is characteristic of a bounded Cottrell (Section
2.2.2) systems in solid films on planar electrodes, where the concentration of an electroactive
species changes noticeably over a short space of time. This effect is observed where the

electroactive species is in a thin layer similar in thickness | to the diffusion layer.

The application of the bounded Cottrell equation to reduction and oxidation at liquid metal
cathodes has not previously been reported. To confirm the behaviour at around 2000 seconds
could be attributed to the bounded Cottrell system, the current-time transient was plotted as

current vs t*2in Figure 4.5.
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—— Figure 4.4 plot
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Figure 4.5: Plot of i vs tY2for the oxidation of Zn from the mercury cathode at 0.5 V vs Ag/AgCI
with 100 mM Zn(NOs)2 in 0.1 M KNOs and the fit line to the bounded Cottrell equation for
m = 10, truncated to t = 1000 to 5000 seconds.

Here, the straight line component of the plot (where t2 is greater than 0.025) represents the
diffusion controlled oxidation of Zn, where the gradient is equal to the diffusion coefficient.
The gradient of the straight line segment in Figure 4.5 (above t%2 = 0.025) is
3.39x10° cm? st which is in close agreement to the literature diffusion coefficient value for
zinc in mercury metal of 1.46 - 3.35x10° cm? s14,

This response indicates that the reduced zinc ions extend only into a portion of the total depth
of the liquid cathode. This depth, I, is the depth to which the Zn-Hg alloy is formed during
deposition, and is proportional to the density of the alloy formed and the amount of zinc

reduced. This phenomenon also suggests that the Zn-Hg alloy formed during Zn reduction
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does not form a homogeneous liquid with the Hg metal, and instead floats at the surface of the

liquid electrode.

Unfortunately, the density of the ZnHgs alloy is not precisely known. However, if it were, it
would be possible to determine the precise layer thickness from the density and the charge
passed during the oxidation. Using the time taken for the zinc to diffuse from the mercury pool
and the rate of diffusion of zinc in mercury, it is possible to estimate that the thickness of the
alloy layer was 6.78 x 10 cm. As this layer thickness is much smaller than the depth of the
mercury pool, the assumption that the mercury does not distribute equally through the

electrode and behaves in line with the bounded Cottrell equation could be valid.

Should a molten salt reprocessing system be adopted, complicated monitoring solutions would
need to be engineered to optically determine whether solid deposition or indeed dendritic
growth is occurring at the liquid electrode surface. Electrochemical monitoring is preferential,
as this will reduce the complexity of the system, and provide accurate early warning to the
formation of dendritic growth. Preventing such growth is critical to achieving the desired
recovery of species from the melt, and in preventing the loss of solid material to the

containment structure or shorting of the electrochemical circuit.

4.2.2 EIS of Zinc Deposition on a Macro Liguid Metal Electrode

In previous work, electrochemical impedance spectroscopy was investigated as a potential tool
for monitoring the electrodeposition characteristics and determination of when solid
deposition was taking place. The concept is that by taking short impedance measurements
during the deposition experiments, the solution resistance can be monitored, and changes in
solution resistance equated to solid formations on the liquid electrode surface. Solution
resistance is proportional to the electrode area and any increase in electrode area owing to solid

dendrite growth will be measured as a drop in solution resistance.

During the course of the deposition of zinc, electrochemical impedance at OCP of the liquid
electrode surface was measured at intervals to detect changes at the electrode/ solution

interface.
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Figure 4.6: Nyquist plots of impedance spectroscopy at OCP of a liquid electrode during
deposition of Zn.

On the Nyquist plot the high frequency limit on the Z’ axis gives rise to the solution resistance,
Rs. In general, there is no significant difference between the value for Rs in each plot in Figure

4.6, with the solution resistance being 61 Q to 26 confidence.

The angle of the straight line produced in the nyquist plot can also be indicative of changes at
an electrode surface. In Figure 4.6, the slope of this line is 45° on the scans for 0 to 300 seconds
of deposition, however the angle decreases in the plots after longer deposition times. This is
common when the Warburg impedance is supressed by a constant phase element and is typical

for when the electrode surface changes from 2d (smooth) to 3d (roughened).

As mercury has a high surface tension, the surface of the electrode is almost perfectly smooth
at the outset of the experiment (save for any small external contaminants). As zinc is reduced
at the mercury surface, the zinc initially forms an alloy with the mercury and diffuses into the
bulk mercury. As the mercury at the surface of the cathode alloys with the zinc, less free
mercury is available to combine with the zinc being reduced at the interface. This results in an

increase in the localised concentration of zinc reduced at the electrode which deposits as either
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a solid, or forms a solid alloy with a higher zinc content, roughening the surface of the

electrode.

The Nyquist plot in Figure 4.6 also shows that over the duration of the reduction of zinc, the
OCP increases. This increase in the OCP would indicate that the increase in localised zinc
concentration at the electrode surface is more stable to further zinc deposition, and may
ultimately result in dendritic growth. Where zinc had been deposited at the surface of the liquid
electrode, the OCP was found to be stable for at least 30 minutes, providing further evidence

for the stability of the zinc reduction product.

4.3 Electrochemistry of Copper (ll) at a Mercury Pool Cathode

In contrast to zinc, where long deposition times were required to initiate solid growth from the
liquid electrode surface, copper is known to grow dendrites when deposited at a mercury
cathode!. The electrochemical response when copper is reduced at a macro mercury electrode
was investigated to establish the behaviour that can be expected when the dendrites form in a

molten salt reprocessing system.

The phase diagram for copper and mercury is shown in Figure 4.7.
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Figure 4.7: Phase diagram of mercury-copper system® showing their alloys. White sections
indicate a two-phase field, whilst shaded sections indicate a single-phase field with its composition
noted.

In the phase diagram in Figure 4.7, a single, thermodynamic alloy of Cu-Hg is identified as
forming between -39 °C and 128 °C when the copper is reduced at the mercury electrode. This
alloy, Cui4Hgs. is a solid at room temperature with a density of 13.17 g cm31%. Again, this
alloy is less dense than mercury metal (14.4 g cm™®) and denser than copper, which has a
density of 8.93 g cm? ., In each case of the alloy and copper metal, solid deposits can be
expected to float on the surface of the mercury cathode.

Studies of bulk electrodeposition of copper (0) at a liquid mercury cathode in chloride
solutions have previously been reported'. In these studies, the electrochemistry was
complicated by the irreversible formation of calomel, which formed a solid product at the
electrode regardless of copper deposition taking place or not. This study seeks to investigate

dendritic growth of copper at a liquid cathode without the complication of calomel formation,
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and determine characteristic indicators of when dendritic growth is taking place as a model for

molten salt systems.

4.3.1 Copper Deposition on a Macro Liguid Metal Electrode

As in Section 4.2, the electrochemical cell was set up as shown in Figure 4.1: Experimental
set-up for liquid macroelectrode experiments. Figure 4.1, with the liquid mercury cathode
formed from liquid mercury bound within a crucible and an electrical connection made
through a sheathed wire. The copper solution was prepared from copper nitrate and potassium
nitrate background electrolyte to prevent a solid calomel (Hg.Cl,) crust forming on the liquid

electrode surface, and degassed with argon.

-0.01 +

-0.02

-0.03

/A

-0.04 H

-0.05 +

-0.06

T T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000
t/s

Figure 4.8: Current - Time transient of reduction of Cu (Il) at a liquid mercury electrode at
-0.7 V vs Ag/AgCl with 100 mM Cu(NQO3)2 in 0.1 M KNO3

Figure 4.8 shows a typical current-time transient for the deposition of copper at a liquid

electrode surface. Unlike the transient observed for zinc deposition, the current in the transient
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for copper deposition increases in magnitude throughout the period the reduction potential was

applied.

Initially the current grows slowly with rapid fluctuations in the measured current, typically
associated with noise, occurring at irregular intervals. Drops in the magnitude of current
flowing occur at approximately 650 seconds and 1500 seconds, however in each case the
current stabilises, and again gradually increases immediately after the drop. After
approximately 3500 seconds the rate of increase in current quickens, and the current steadily
increases threefold over the next 3500 seconds, albeit with increasing fluctuations after 5000

seconds.

The increase in current during the reduction shown in Figure 4.8 is indicative of an increasing
electrode area. Here this is most likely due to a solid crust, or dendritic growth from the liquid
surface, such that the copper metal becomes an extension of the electrode, increasing the area
of the electrode. Further growth then occurs from the solid deposit, so the electrode continues
to grow in size. The drops in current observed during the reduction, could be explained by a
loss of electrode area caused by some of these solid growths detaching from the liquid
electrode, the diffusion field of two fractal growth tips joining or the active sites on the

electrode becoming passivated in some way.
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t = 1200s

Figure 4.9: Images of the mercury cathode surface during Cu deposition. After 1800 s the current
was reversed to oxidise the Cu from the electrode, however after 5400 s solid deposits were still
visible on the electrode surface.

To confirm that dendritic growth, and subsequent detachment of dendrites is responsible for
the variation in current, the experiment was repeated over 1800 second reduction whilst
pictures of the electrode were captured. After 1800 seconds, the potential was switched to an
oxidising potential, and a further image captured after 5400 seconds. Figure 4.9 shows pictures
of the mercury electrode surface at t = 0, 20, 30, 120, 300, 600, 1200, 1800 and 5400 seconds.

In these images, the initial nucleation of copper on the mercury surface, and subsequent growth
of dendrites can be clearly seen. These deposits are substantial in size, but fragile in structure,
and are easily disturbed by solution turbulence and hydrogen evolution. The nature of the
dendritic growth essentially consists of fine nano-wires that grow from the tips where the
current density is greater, and hence diffusion from the solution is unimpeded (as opposed to

diffusing to the surface of the mercury). In the 1200 second and 1800 second images, the
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dendrites can be seen to exceed the boundary of the ceramic crucible. Whilst not immediately
obvious in these pictures, solid copper deposits have detached from the liquid electrode surface

and collected in the bottom of the flask.
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Figure 4.10: Current- Time Transient of the oxidation of copper from a liquid mercury electrode
at 0.6 V vs Ag/AgCl with 100 mM Cu(NOs)2 in 0.1 M KNO:s.

Figure 4.10 shows the corresponding current-time transient of oxidation of copper from the
liquid cathode to the reduction shown in Figure 4.8. As with the reduction, the oxidation
transient shows large fluctuations in the current as dendrites are oxidised in an irregular
pattern. The drop in oxidation current between 4800 seconds and 6000 seconds can be
accounted for as a significant detachment of the fern-type growth from the surface of the
electrode, which then reconnects with the electrode as the fragile network of deposited copper

collapses from either gravity or convection/ external vibration.

During the reduction of copper, 200 mC of charge is passed, however during the oxidation
phase, 35 mC is passed. The difference between these charges can be explained through the

loss of the reduced product from the electrode surface due to physical mechanisms. Such
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processes have already been observed under optical observation (Figure 4.9) where dendrites
have detached from the electrode under their own mass, and fallen to the bottom of the

crucible.

The current-time transient observed for the deposition of copper on the mercury electrode
provides a diagnostic “finger print” for when dendritic growth is taking place but cannot be
directly observed due to constrains of the system. In Section 4.2, the reduction of zinc followed
the classical decay to a steady state current during deposition, dendrites were not explicitly
observed. Rather in the case for long depositions of zinc, the electrode surface only dulled in
appearance. The behaviour in the current time transient for copper deposition, where dendritic
growth was confirmed through visual observations, is diagnostic of dendritic growth, and has
been observed over many experiments in this work, and also in the preceding work by Dr
Nathan Brockie.

In isolation, observing this behaviour in a current transient can be used to identify when
dendritic growth has taken place. This indication is of little use in a reprocessing system where
such growth can be detrimental to the overall process, so it would be preferential to determine

a diagnostic which can warn of the early onset of dendritic growth.

4.3.2 EIS of Copper Deposition on a Macro Liguid Metal Electrode

As with the zinc experiments in Section 4.2, the electrochemical impedance at OCP was

measured periodically throughout the deposition.

As discussed in Section 2.2.3, electrochemical impedance is an important tool in studying
changes at an electrode surface, and can give a detailed insight into the processes taking place

at the electrode-solution interface.
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Figure 4.11: Nyquist plots of impedance spectroscopy at OCP of a liquid electrode during
deposition of copper from 100 MM Cu(NO3)2in 0.1 M KNOs

Figure 4.11 shows the Nyquist plots measured by electrochemical impedance spectroscopy
during the deposition of copper at the liquid mercury electrode. In this plot, the solution
resistance Rs can be seen to decrease over the course of the deposition, particularly in the
impedance spectra for 1200 seconds and 1800 seconds of copper deposition. Even after only
330 seconds, where dendritic growth is minimal (Figure 4.9), a reduction in the solution
resistance can be observed. Typically, the deposition of a metal at an electrode would be
expected to have little effect on the solution resistance, which is generally a function of the
distance between the working electrode and the reference electrode, and the effective electrode
area. Under dendritic growth, both the electrode distance decreases, and the electrode area

increases.
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This EIS response is a further diagnostic for determining when dendritic growth is taking
place. In a reprocessing system a reduction in the solution resistance could be used as a trigger

to stop the deposition process before a critical failure can occur.
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Figure 4.12: Expanded Nyquist plot of impedance spectroscopy at OCP of a liquid electrode
during deposition of copper from 100 mM Cu(NOs)z in 0.1 M KNOs at t = 0, 30, 120, 300 1200
and 1800 seconds.

In addition to the change in solution resistance the charge transfer semi-circle can clearly be
seen to be decreasing in size as reduction of copper at the electrode becomes easier (lower
energy) and then resistance drops for Cu on Cu deposition. This is even more evident in Figure
4.12, which is an expanded plot of Figure 4.11, where the peak of the charge transfer semi-
circle prior to deposition halves after only 30 seconds from 5 Q to 2.5 Q, and then halves again

by 300 seconds.

This change in charge transfer resistance is even more prominent during the early stages of
dendritic growth than that of the change in solution resistance. This characteristic is also a
useful diagnostic tool to indicate when dendritic growth is occurring, and is arguably more
sensitive to dendritic growth, and therefore can provide earlier warning to prevent failure of

the reprocessing system.

84



4.4 Detection of Dendritic Growth at Mercury Microelectrodes

As discussed in earlier chapters, microelectrodes are known to be far better diagnostic tools
owing to their intrinsic properties of greater signal to noise and greater sensitivity. Ideally, a
reprocessing system will employ microelectrode sensors instead of having to perform
diagnostic tests on the bulk liquid cathode used for recovery of species, which would require

halting the process at a regular interval.

Parallel work is ongoing to develop microelectrodes that are resistant to molten salts that can
be utilised in the proposed reprocessing system, however, it is also important to understand

how the use of microelectrodes will influence the characteristic behaviour of dendritic growth.

To provide an analogous study of the electrochemical response that can be expected from
liquid microelectrodes, mercury was plated on the planar platinum electrodes using a
previously reported method 2 to replace the mercury pools in the experiments in sections 4.2
and 4.3.

Figure 4.13: Images of mercury deposited onto 500 pum square Pt electrodes. Rather than
depositing as a homogenius film, the mercury accumulated in small droplets, which acted as a
randomly distributed microarray.

Figure 4.13 shows the typical result of depositing mercury onto the platinum microelectrodes.

This deposition formed small droplets of mercury distributed across the platinum square to
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form a randomly distributed array of mercury electrodes. Arrays of this nature on the micron
scale benefit from hemispherical diffusion, and have been shown to be useful as high-

performance sensorst®15,

Once prepared, images of each of these mercury electrodes were captured and those with the
greater coverage of mercury, as shown in the right hand image in Figure 4.13 were used in

investigating the deposition behaviour of zinc and copper.

4.5 Amalgamation of Zinc at a Mercury Microelectrode

In Section 4.2, zinc was seen to, at least initially, alloy with mercury when reduced at the
surface of a liquid mercury cathode. On a liquid metal microelectrode, the total volume of
liquid metal will be greatly reduced, with only a thin layer covering the underlying electrical
connection. The diffusion to a micro electrode is also greatly enhanced, and it could therefore
be possible that dendritic growth could occur far more readily at a liquid microelectrode than

on a macro pool.

To determine the effect of using a microelectrode on the electrochemical response of
deposition and possible dendritic growth of zinc at liquid mercury, the experiments from

section 4.2 were repeated at a square mercury microelectrode with edge length of 100 pm.
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Figure 4.14: Current - time transient of reduction of Zn (I1) at a 500 um square electrode with a
liquid mercury film at -0.2 V vs Ag/AgCl with 10 mM Zn(NOs)z in 0.1 M KNOs. Note that the
current stabilises at a background current of -7x108 A after 2000 seconds.

Figure 4.14 shows the current-time transient of the deposition of zinc at a mercury
microelectrode, similar to that shown in Figure 4.13. Over the course of the deposition,
88 UC of charge is passed and the current stabilises at a constant background current of
-7x10® A. This background current is most likely due to a secondary process taking place at
exposed electroactive sites on the underlying platinum microsquare.

In this current time transient there are two obvious points at which the gradient of the decay
changes, at 160 seconds and 540 seconds. There is also a feature in the transient at 1400

seconds where the current spikes and demonstrates diffusion-limited decay.

One possible explanation for these feature lie in the geometry of the mercury deposited onto
the platinum square, where there are hemispherical drops of mercury sitting above the
exposed, planar platinum electroactive area. However, the most likely explanation is that the
first two features correspond to a change in rate of diffusion as the reduced zinc initially forms
the alloy ZnHgs, before saturating the exposed mercury and going on to react with the alloy at

a slower rate to form the solid alloy ZnsHg.. The feature at 1400 seconds was likely caused by
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external diffusion exposing an active site on the mercury, as the spike decays back to the

dominant curve.

After 3600 seconds of reduction, the potential of the electrode was switched to an oxidising

potential, and the current-time transient for oxidation of the zinc was measured.
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Figure 4.15: Current- time transient of the oxidation of Zn from a liquid mercury electrode
cathode at 0.5 V vs Ag/AgCl with 10 mM Zn(NOs)z2 in 0.1 M KNO:s.

In Figure 4.15 the current-time transient for the re-oxidation of zinc initially appears to be
controlled by a single diffusion limited rate. On closer inspection however, an inflection in the

current curve is apparent at approximately 360 seconds.

This change in rate indicates that the oxidation reaction changes, and can be interpreted as a

change in the species being oxidised. It is assumed that the second diffusion limited rate is

88



mercury diffusing out of the liquid mercury, with the initial rate being the oxidation from the

alloy ZnsHg. to the alloy ZnHgs.

Over the course of the re-oxidation, 70 uC of charge is passed and the current stabilises at a
constant background current of 1.1x10® A. This charge equates to 80% of the charge passed

during the reduction, however does not take into account the background currents in both steps.

Images were then captured of the electrode after the reduction and re-oxidation of zinc to

compare with the initial images from the preparation of the mercury microelectrodes.

Figure 4.16: Images of the mercury electrode before (left) and after (right) the zinc deposition and
re-oxidation shown in Figure 4.14 and Figure 4.15.

As can be seen in Figure 4.16, the mercury droplets on the liquid microelectrode were not
greatly affected by the reduction and oxidation of zinc from the electrode, however small areas

of the underlying platinum electrode did change slightly in appearance.

Optical appearance through a microscope can be deceiving and the slight change in colouration
of the platinum could be considered circumstantial. To confirm that the mercury
microelectrodes were not being structurally altered during the deposition and subsequent
oxidation, the process was repeated over a number of iterations, with the electrodes studied

under a microscope at varying stages of reduction and oxidation.

89



Figure 4.17: Images of the mercury electrode before (left) and after (right) zinc deposition over
3600 s. The electrochemical impedance of this electrode was recorded during the course of the
deposition and the Nyquist plots are shown in Figure 4.18.

Figure 4.17 shows images of a mercury microelectrode before and after the deposition of zinc.
As with Figure 4.16, the location of the mercury has not changed across the electrode, however
it is clear that the surface of the liquid metal has become textured. The zinc-mercury amalgam
on this electrode was found to have formed a solid film across each of the mercury droplets as
was predicted from the change in diffusion rates in the current-time transients for reduction
(Figure 4.14) and oxidation Figure 4.15).

As the mercury microelectrodes have a much thinner layer of mercury than in the bulk pool

experiments, the mercury becomes saturated with Zn more quickly. Instead of the Zn-Hg alloy
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diffusing into the bulk mercury metal and forming a mixed solution, here the reduction of zinc
results in the solid alloy remaining at the surface of the electrode, as there is insufficient liquid

mercury for the alloy to dissolve into.

As with the experiments of zinc reduction at a bulk mercury pool, electrochemical impedance
spectroscopy was used to measure changes at the electrode surface as a function of deposition

time.
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Figure 4.18: Nyquist plots of impedance spectroscopy at OCP of a liquid film electrode during
reduction of Zn (I1) at a liquid mercury electrode cathode at -0.2 V vs Ag/AgCl with 10 mM
Zn(NO3)2in 0.1 M KNOsa.

Figure 4.18 shows the Nyquist plots from the impedance measurements taken during the
deposition of zinc. In these plots, the previously identified indicators of dendritic growth from
the previous sections are present, specifically the solution resistance drops from 1424 Q to
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1380 Q between 0 and 300 seconds; and the angle of the straight line decreases significantly

over time.

After the zinc is oxidised from the electrode, the Nyquist plot shows that the electrode surface
returns to its original state, with the solution resistance post oxidation measured as 1417 Q and

the slope of the line being similar to that recorded for 0 seconds.

The observation of these characteristics shows that the diagnostic behaviour seen at macro
liquid electrodes also applies to micro liquid electrodes. Unlike the zinc experiments at the
bulk mercury pool, it was possible to readily form a solid crust at the surface of the micro
mercury electrode. The increased sensitivity of microelectrodes is as equally valid on liquid
electrodes as it is on solid electrodes, and micro liquid electrodes lend themselves to being
used as sensors in a molten salt reprocessing system to detect when dendritic growth is

occurring.

4.6 Copper Dendrite Detection at a Mercury Film Cathode

The process of copper deposition at mercury has already been shown to readily form dendrites.

To confirm that the observations made with the mercury microelectrode during the deposition
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of zinc are truly representative of dendritic growth, the deposition of copper at liquid micro

electrodes was also investigated.
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Figure 4.19: Current - time transient of reduction of Cu (1) at a 100 um square liquid mercury
electrode at -0.7 V vs Ag/ AgCl with 10 mM Cu(NO3)2 in 0.1 M KNOs.

Figure 4.19 is the current-time transient of the deposition of copper at a mercury
microelectrode, similar to that shown in Figure 4.8. Over the course of the deposition, 66 mC
of charge is passed, which is a significantly large charge for a microelectrode. Furthermore,

the current increases with deposition time following an irregular pattern of peaks and troughs.

Such a large current is passed as copper deposits as a solid, increasing the electrode area and
providing more active sites for solid copper to deposit as it is reduced. As this growth
propagates from the electrode surface into the solution, some of the dendrites mechanically
detach from the electrical connection, either under gravity (as the microelectrode is vertically

orientated) or some other external convection. This results in momentary reductions in the
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magnitude of current, however this is quickly overcome as the rate of dendrite growth exceeds

the rate of detachment.
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Figure 4.20: Current- time transient of the oxidation of Cu from a liquid mercury electrode at
0.6 V vs Ag/AgCl with 10 mM Cu(NOs3)2 in 0.1 M KNOs.

Figure 4.20 shows the current-time transient for the re-oxidation of copper from the mercury
microelectrode. During oxidation, the current returned to zero after only 150 seconds, with
only 11 mC of charge passed. At first the current jumps and falls smoothly as could be
expected for a diffusion limited reaction, however between 45 and 110 seconds the current

shows a regular pattern of spikes before falling to zero after 150 seconds.

This spiking pattern occurs as copper from the dendrites close to the electrode is reduced. The
electrical connection to the remainder of the dendrites structure is broken and the site on the
original electrode surface which had previously been blocked by the dendrite is exposed. This
causes an increase in current which drops quickly as the concentration of the reduced species

at the electrode is consumed and no reaction can take place.
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Figure 4.21: Images of the mercury electrode before (left) and after (right) the copper deposition
and re-oxidation shown in Figure 4.19 and Figure 4.20. It can be seen that after the re-oxidation
of the copper, dendrites are still apparent around the edges of the square, and it is not possible to
identify the mercury deposits.

Figure 4.21 shows the before and after images of the mercury microelectrode used to measure
the transients in Figure 4.19 and Figure 4.20. In the left hand image, the mercury droplets can
be seen to be distributed across the underlying square electrode like a random array. After the
deposition and oxidation of copper dendrites, the right hand image, the mercury droplets are
no longer visible. In place of the mercury, the underlying platinum square is covered in a solid,
black “wool-like” deposit. This deposit is similar in appearance to the copper dendrites seen
in Figure 4.9 for deposition on the macroelectrode after 600 seconds of reduction, and to the
detached dendrites which collected in the bottom of the beaker. It is assumed that during the
re-oxidation of copper from the microelectrode, the mechanical detachment of the dendrites
also leads to the removal of much of the mercury. The black material shown in the right hand
image consists of detached dendrites, which are not electrically connected to the electrode, but
have remained attached to (or been drawn onto) the electrode as it was removed from the cell.

In support of this, further deposits of a similar nature were found on the passivating material
surrounding the microsquare electrode. It is most likely that this material, which was freely
floating in the solution, was drawn onto the electrode by the surface tension of the water as

the electrode was removed from the solution. Drying of the electrode in a 120 °C oven and
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gently blowing over the surface with argon removed almost all of this material, so it was not

strongly bound to any point of the electrode device.

Figure 4.22: Images of the mercury electrode before (left) and after (right) copper deposition over
1800s for the impedance measurements in Figure 4.23.

Figure 4.22 shows a before and after image of the reduction of copper at a mercury
microelectrode. Whilst the “after” image (right) is not clear, optical inspection revealed the
dendrites had collapsed onto the electrode surface as it had been removed from solution. The
dendrite material covered a large area over the electrode, and the underlying square was not
visible even after gently blowing argon gas over the electrode surface. The material could be
removed by gently scraping across the surface of the electrode, but at such a small scale, a

viable sample for investigation could not be collected.
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Figure 4.23: Nyquist plots of impedance spectroscopy at OCP of a liquid mercury electrode during
deposition of Cu.

Figure 4.23 shows the Nyquist plots of electrochemical impedance spectroscopy recorded as
a function of time for the deposition of copper at the mercury microelectrode. Unlike previous
EIS spectra of dendritic growth, the plots do not follow a trend in sequence with time. Whilst
in general, the 1st charge transfer semi-circles decrease in size with time, an explicit trend is

not discernible.
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Figure 4.24: Expanded Nyquist plots of impedance spectroscopy at OCP of a liquid mercury
electrode during deposition of Cu.

Figure 4.24 expands on the Nyquist plots in Figure 4.23 so that the solution resistance can be
examined. Again, unlike previous plots the solution resistance did not exhibit a discernible

trend, first increasing, then decreasing.

Repeated attempts to determine a trend in the EIS spectra of copper deposition at a mercury
microelectrode as a function of time resulted in a similar pattern of inconsistency. This implies
that the mechanism for such extended dendritic growth at the surface of a liquid microelectrode

is complex, and not yet understood.

4.7 Conclusions and Further Work
It has been possible to study an aqueous liquid cathode system as an analogue to the liquid

cathode in a molten salt reprocessing system to avoid the technological complications of such

systems at elevated temperatures and sealed atmospheres.
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The deposition of zinc at a liquid metal cathode constructed from a large mercury pool was
used to investigate the mechanism for deposition and amalgamation of species that are

expected to alloy readily with the liquid electrode in the molten salt process.

The zinc was first observed to undergo a diffusion limited reduction at the metal surface, where
the rate of diffusion of zinc into the bulk mercury controlled the reaction rate. Upon re-
oxidation of the zinc, the current initially followed a rate limited diffusion curve as the zinc
diffused out of the liquid mercury and away from the electrode. This diffusion was truncated,
as the zinc had only diffused part way into the electrode, and not fully throughout the whole

bulk of the mercury.

Whilst it was not possible to fit the current-time curve to the bounded Cottrell equation, this
confirms that the rate of reaction is governed by the diffusion of zinc in the liquid mercury,
rather than zinc in the aqueous solution. Future work should investigate this effect and

determine the fundamental principles of diffusion of an alloyed species in a liquid electrode.

Copper was also reduced at a liquid mercury cathode, and the formation of dendrites observed
both optically and electrochemically. Diagnostic behaviour for the formation of dendrites was
identified in correlation with the visual inspection of dendrite growth, so that a method of
electrochemically detecting when dendrites form can be developed. This will prove an
important tool when operating a molten salt system with a liquid cathode, as it will not be

possible to visually monitor the electrode surface for dendritic growth.

The reduction of zinc and copper at micro-scale liquid electrodes was then investigated to
support the development of sensors for detecting dendritic growth in a molten salt reprocessing
system. First mercury was deposited onto 500 pm platinum electrode before being
photographed under a microscope and used to study the deposition of zinc and copper.

With zinc, it was possible to drive the reduction of zinc to the point that a solid alloy was
formed between the zinc and the mercury. Whilst dendrites were not observed to grow from
the electrode surface, the growth of a solid crust over a liquid electrode in a molten salt process
is equally damaging, as the required amalgamation will not be achieved and the target species
shall plate out as solids. Changes in both the chronoamperometry and EIS spectra were
highlighted as being distinctive for the formation of a solid reduction product, and are

proposed as characteristic indicators for solid deposition at a liquid cathode.
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The reduction of copper at the liquid microelectrode also resulted in a solid deposition. In this
instance dendrites grew extensively from the electrode surface, visibly protruding into the
solution. Even when the electrode was removed from the solution, much of the dendrites
remained attached. Chronoamperometry to induce reduction and oxidation of copper on the
microelectrode are consistent with observations on macroelectrodes, although the oxidation of
copper from the microelectrode appeared to be much more ordered. The reason for why the
current response during oxidation is not clear, and should be the subject of future work, along

with the destruction of the liquid metal deposited on the surface.

The electrochemical impedance spectra recorded during the deposition of copper on the liquid
microelectrode were not consistent with those previously measured on micro and macro scale
liquid electrodes. Further work is required in order to understand whether this is characteristic
for dendritic growth beyond a limit, or a random occurrence.

Comparisons of the characteristic response for dendritic growth identified in this chapter under
aqueous conditions at room temperature, to the molten salt systems they were to model, shall

be discussed in chapter 7.
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5 Contact Angles of LKE on Surfaces of Interest

5.1 Introduction

When designing and fabricating an electrode, or indeed a processing plant, it is important to
consider how the materials will interact with the liquids or solutions that it comes into contact
with. This is the case when considering materials for fabricating a solid microelectrode to be
used in a molten salt and these materials’ interactions become even more important when
considering how a liquid microelectrode may be prepared. In any practical design the liquid
metal will need to be contained in a specified location over an underlying metal through which
electrical connection will be made. The liquid metal microelectrode will therefore need to be
fabricated of materials such that: the passivation layer which forms the boundary of the
container will be wetted by the LKE, but not by the liquid metal; the underlying metal will be
wetted by liquid metal, but less so by the LKE; and that the liquid metal and the LKE form a

stable interface.

Unlike for aqueous systems, there is a lack of fundamental knowledge of how molten salts wet
different materials. This chapter will seek to address, at least in part, this issue by investigating
the wetting of LKE on possible passivation layers and likely electrode metals. In order to
achieve this, a suitable contact angle measurement system needs to be established.
Measurements also need to be taken in an inert atmosphere to ensure that the potentially
detrimental effects of oxide formation on the substrates due to elevated temperatures do not
influence the measurements and therefore the obtained results. The production, validation and

use of such a system is the subject of this chapter.

5.2 Method Substantiation

The details of the apparatus constructed to measure molten salt contact angles are given in
Section 3.2.3 and shown again in Figure 5.1. This section covers initial testing to prove its

robustness, before carrying out measurements of molten salt at elevated temperatures.

Initially, a series of experiments are reported to verify the suitability of the method, the

repeatability of the measurements, and the rigour of exclusion of oxygen in the apparatus.
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Once the experimental system and method was validated, molten salt contact angles on

selected surfaces were measured.

.

—

Backlight

Figure 5.1: Experimental set-up for angle measurements of molten salts.

As explained in Section 3.2.4, 16 measurements were taken for each sample. Once these angles
had been measured the anomalies were excluded. Anomalous measurements were deemed to
be those where imperfections and deformities across the droplet surface were evident, or where
the angle on each side of the droplet differed by more than 10 ° (e.g. where the sample was
not level). The remaining angles were averaged to determine a representative contact angle
for each of the surfaces. These averaged measurements are reported in this chapter, along with

the standard deviation of the data set.

5.2.1 Accuracy

The first issue to be addressed is the potential for distortion of the contact angle caused by
reflection or refraction of light through the glass hood. In order to test this, images were
captured at ambient temperatures of a 5 pL droplet of deionised water on a 1 pm unpolished

thermal oxide surface without, and then with the glass hood in place (Figure 5.2).
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Figure 5.2: Image of a 5 pL DI water droplet on an unpolished 1 um thermal oxide without (left)
and with (right) the glass hood over the hotplate/stage.

In both images the measured contact angle was identical and when the images were
superimposed, no distortion could be observed. Some shadowing, and a slight darkening of
the image was observed when the hood was in place, however this can be attributed to the
reduction in light owing to reflection off the steel frame covering the top of the chamber.
Therefore, assuming no temperature-dependent optical effects, optical distortion from the

glass was not a concern.

Whilst the native oxides were not removed from the surfaces prior to the measurements, the
second issue was the ability of the apparatus to maintain an inert, oxygen free environment.
This was of particular concern with respect to the metal surfaces to be investigated, as heating
of these surfaces in the presence of air would result in further oxidation or hydration of the
surfaces, and influence the contact angle!. The presence of air whilst measuring liquid metal
contact angles would also lead to further oxidation of the liquid metal surface, to be discussed

further in Section 5.5.
In ambient air, either the metal, M, can be oxidised through the process,
xM + §02 - M,0,

Equation 1

or the metal oxide can be hydrated through the process,
M,0, + yH,0 - M,(OH),,

Equation 2
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In both these cases a chemical change takes place at the surface of the metal, which would

result in a change in the wetting interaction with the molten salt.

By measuring how the contact angles differed with the ingress of ambient air, the existence of
oxygen in the chamber could be readily identified, and also the efficacy of the glass hood to

maintain an inert environment.

In measuring contact angles within the chamber, stopping the argon flow, and allowing oxygen
to enter the chamber before re-measuring the angle, it was possible to observe the influence of
ambient air ingress on the contact angles. Figure 5.3 shows how the contact angle of LKE
changes on the native titanium metal surface with the ingress of ambient air into the glass hood
at 400 °C.

Figure 5.3: Images of the change in contact angle of LKE on titanium surfaces in a) argon and b)
after ingress of ambient air at 400°C where the titanium surface was oxidised.

In all cases during these tests, it was found that the presence of ambient air in the chamber had
a significant influence on the contact angle of the molten salt on the surfaces. This is seen in
Figure 5.3, where the contact angles of LKE on titanium surfaces in argon (Figure 5.3a) are
clearly greater compared to the contact angle in air (Figure 5.3b). Under the inert argon
blanket, the contact angle of titanium is consistently around 51°; however, in air the LKE
spreads rapidly across the titanium surface indicating a greater wetting interaction between the
molten salt and the oxidised and/or hydrated surface. In air, titanium is known to readily form
a stable oxide?® and the Figure 5.3b is likely to be a measurement of the contact angle on

titanium oxide.

Given the difference in observed contact angles, not only does this result demonstrate that
titanium metal is relatively non-wetting compared to the titanium oxide surface inevitably

forming in air, but also confirms that the apparatus is maintaining an inert atmosphere. If this
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were not the case then the titanium surface would be oxidised in both cases and the LKE only
observed to be spreading. Even if there was a small ingress of oxygen during the
measurements, the titanium surface would slowly oxidise, and the droplet observed to slowly
spread across the surface. This was not the case so it can be rationalised that the glass hood

arrangement to exclude air was successful.

Despite confirming that ambient air was not entering the glass hood, a number of abnormalities
in the droplet shape were observed during the course of measurements of the contact angles of

LKE on surfaces. Figure 5.4 shows examples of the abnormal shapes that were observed.

Figure 5.4: Abnormalities observed in molten LKE droplets during measurement of contact
angles on silicon substrates. a, b and ¢ are apparent "'tail" effects, thought to be related to either
an impurity on the surface, or potentially due to the stage not being level. Image d shows small
defects in the shape of the droplet.

The abnormalities or irregularities in the shape of the droplets of molten salt could be
indicative of a surface defect/ contaminant, a contaminant in the molten salt or an effect of
oxide present in the atmosphere. In the case of Figure 5.4, a, b and ¢ have pronounced “tail-
like” features to one side of the droplet. Typically, such a shape would be due to the droplet
wetting the surface. This is still considered to be the case in these examples, however, as the
droplets show largely incomplete wetting, it could be due to a small contaminant on the
surface, or a point of oxidation, which is wetted by the LKE. Alternatively, there could be a
defect on the surface (i.e. a scratch or pitting) layer, resulting in the underlying substrate being

exposed, which would exhibit a different wettability to the surface of interest. Droplets a) and
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b) also exhibit a shift in the bulk of droplet towards the left side. This was caused by the
hotplate, which was acting as the stage, not being level. As such, the slant on the substrate
with respect to horizontal results in the droplet proceeding towards the lower edge. In more
advanced contact angle measurements, the pitch of the stage can be deliberately altered to
measure dynamic contact angles. This more complex situation was beyond the scope of this
work, and in the instances where the stage was seen to not be level (usually at the start of a

series of measurements) the stage was returned to level using a digital spirit level.

Abnormalities such as those seen in Figure 5.4 d, could also be explained by the presence of
solid contaminants. Occurrence of this irregularity was rare, reserved to only two instances,
however visual inspection of these droplets revealed small, solid grains of a contaminant
floating on the surface of the molten salt. It is thought that these small grains were shards of
glassy carbon introduced to the molten salt whilst the salt was prepared using the technique
described in Chapter 7 owing to minor damage (chips and impact pitting) sustained to the

crucibles over multiple uses.

In all instances where either an irregular droplet shape, or a droplet with unsymmetrical contact
angles due to possible surface contaminants or defects were observed, the measurements were
excluded from the data to preclude erroneous results due to potential contaminants or surface

defects.

5.3 Wettability of Selected Metal Surfaces

The wettability of a number of predominantly metal surfaces has been measured using the
procedure described in Chapter 3.

These surfaces were chosen as they are materials either used in fabricating electrodes for use
in molten salts, or have been used in previous molten salts studies. Tungsten, titanium and
titanium nitride were selected as they are all materials used in electrode fabrication by the
SMC. Despite not being a metal, vitreous carbon (SIGRADUR®) was also investigated as it
is the crucible material used in molten salts experiments at the University of Edinburgh and at
NNL. The sample of vitreous carbon was attained from a broken crucible which had been used
but was no longer required, and was in a representative condition of the crucibles in use. The

two stainless steel samples were investigated as the Molten Salts Dynamics Rig (MSDR) at
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NNL is constructed from stainless steel, and the results of this study may be of future practical

use in either the re-commissioning or replacement of the MSDR.

Both mirrored and brushed samples of stainless steel were investigated because although, as
discussed in chapter 2, contact angles are only accurate when the surface is as smooth as

possible, the MSDR has been constructed out of a brushed steel.

Images of the contact angles of LKE on these surfaces are shown in Figure 5.5, with the contact

angles of deionised water and LKE presented in Table 5.1.
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Figure 5.5: Typical contact angle images of LKE in Argon at 400°C on surfaces of a) titanium, b)
titanium nitride, c) tungsten, d) mirrored 316 stainless steel, ) brushed 316 stainless steel, and f)
glassy carbon.
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Suee Contact angle of SpLL LKE Contact
deionised water (°) Angle (°)
Tungsten
(native oxide) 221 212
Titanium
(native oxide) 381 S1+2
Mirrored Stainless Steel
(316SS, native oxide) 91 16+2
Brushed Stainless Steel
+
(316SS, native oxide) 101+1 22£3
Titanium Nitride 66 + 1 55+5
Vitreous Carbon 55+1 70+1

Table 5.1: Mean contact angles of deionised water and LKE at 400 °C measured on surfaces of
interest. Uncertainty is in degrees for 16 measurements.

From this dataset there were some notable results of interest. Contact angles on each of the
surfaces were relatively stable and repeatable. The only exceptions to this were the brushed
stainless steel, where it is likely surface roughness affected the measurements, and the titanium

nitride, which had large variations in the contact angle.

/\l

Figure 5.6: Contact angle images of LKE on titanium nitride surfaces in argon at 400°C with
expanded three-phase point (inset).

At a cursory glance of the titanium nitride surface images (Figure 5.6b), it would appear that
the molten salt is largely non-wetting, and that the droplets seem to be similar in shape.
However, on closer inspection of these images, it is clear that there is a small tail-like feature
at the three-phase contact point (Figure 5.6) where the salt appears to be more wetting on the
surface. This could be due to either surface contamination or due to a surface roughness effect;
however, this effect is apparent in almost all the images collected on TiN, so contamination is

unlikely as it would not be consistent across all the samples. Furthermore, TiN is a very low
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stress film, used in microfabrication as a seed layer for high stress films, and is known to

deposit as a very smooth surface, so surface roughness effects are unlikely.

The cause of TiN generally having a relatively low contact angle, whilst maintaining the
droplet shape of a non-wetting interaction is not clear from this work and further investigation

into this unusual phenomenon is required.

The consistency in the contact angle measurements for each of these surfaces, and the stability
of the droplets to maintain their shape for at least a few minutes (after which the samples were

changed) confirms the rigour of the apparatus and the method.

5.4 Wettability of Silicon-Based Surfaces by LKE

This study of the contact angles of LKE on different insulating materials was motivated by
work on developing microelectrodes for use in molten salts. Improved understanding of the
wetting behaviour between molten salts and the materials used in electrode fabrication aids
the design of more robust and effective electrodes. Observations of the wetting behaviour can
be achieved through simple measurement of the contact angles, the results of which are

presented here.

5.4.1 Wettability of Unpolished Silicon Surfaces by LKE

Silicon oxide is one of the most commonly used insulators in the semiconductor industry. Its
high chemical stability and spontaneous growth on silica in air make it very easy and cheap to
grow by thermal oxidation of silicon wafers. Typically, wafers are heated at temperatures
between 600 and 1200 °C in oxygen or steam to promote layers thicker than the 1 nm native

layer that forms in ambient conditions.

During previous work on microelectrodes for use in molten salts, electrodes have been

investigated using silicon oxide and silicon nitride passivation layers®. Whilst the results of
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this work tested the efficacy of insulator materials in the molten salt, the wetting behaviour of

the molten salt on the oxide and nitride films was not investigated.

The contact angles of deionised water and LKE in argon and in air were measured on several

silicon oxide and nitride surfaces prepared either by thermal oxidation or by PCVD methods.

The results of the measurements of deionised water on these surfaces, along with the mean

surface roughness of these films are recorded in Table 5.2.

Average Surface | Contact angle of
Surface (Unpolished) Roughness, Ra SuL deionised
(nm) water (°)

1um Thermal Oxide 0.210 33x1
500nm Thermal Oxide 0.287 33+4
500nm PCVD Oxide 1.232 12+1
LPCVD Nitride 0.287 12+1
PECVD Nitride 1.047 24+3

Table 5.2: Mean contact angles of water measured on unpolished silicon surfaces at room
temperature (20 °C).

These contact angles are consistent with previous measurements of similar films produced by
the SMC. The surface roughness, R,, is on the angstrom scale and the surfaces could not be
considered to be rough. It is therefore expected that these measurements are predominantly

determined by the chemistry of the surface rather than the roughness.

The results of the measurements of LKE on these surfaces, along with the mean surface

roughness of these films are recorded in Table 5.3.

. Average Surface LKE Contact
Surface (Unpolished) Roughn?ess, Ra (M) Angle (°)
1um Thermal Oxide 0.210 34+6
500nm Thermal Oxide 0.287 52+8
500nm PCVD Oxide 1.232 34+2
LPCVD Nitride 0.287 22+ 4
PECVD Nitride 1.047 Spreading (<10)

Table 5.3: Mean contact angles of lithium chloride-potassium chloride eutectic measured on
unpolished silicon surfaces at 400 °C.
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These results are similar to the contact angles measured for deionised water. The angles that
were measured were less consistent, however, this could be in part due to the variation in the

‘droplet’ size arising from small differences in the mass of each salt bead.

Variations in the angles between the surfaces can be influenced by either the surface chemistry
or the surface roughness. As the roughness measurements show these surfaces are not rough,

it is assumed that the wetting behaviour is due to the chemical interaction at the boundary.

5.4.2 Wettability of Polished Silicon Surfaces by LKE

As discussed in chapter 2, the wetting interaction between a liquid and a surface is influenced
by the surface roughness, and the properties of the interface, rather than the bulk material.
Interfacial properties cannot be easily predicted, so can only be determined through

experimental methods, such as contact angles.

To confirm the effect of surface roughness on the contact angle, and that the results in section
5.4.1 were governed by the surface chemistry, the samples were polished to flatten the surfaces

and improve the surface roughness of the samples.

The method described in Section 3.2.1.3 was used to polish the surfaces, and the surface
roughness and contact angles of deionised water were re-measured for each surface. These

results are shown in Table 5.4.

Average Surface | Contact angle of
Surface (Polished) Roughness, Ra SuL deionised
(nm) water (°)

1um Thermal Oxide 0.290 13+2
500nm Thermal Oxide 0.246 20+ 4

500nm PCVD Oxide 0.193 Spreading (<10)
LPCVD Nitride 0.342 14+3
PECVD Nitride 0.278 13+1

Table 5.4: Mean contact angles of water measured on polished silicon surfaces at room
temperature (20 °C).
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These results highlight that even prior to polishing these surfaces were already very smooth,
with the surface roughness in most cases being on the angstrom scale. Improvements in surface
roughness were only measured on the PCVD oxide and PECVD nitride surfaces, with the
roughness of other surfaces not significantly affected. The contact angles of water, particularly
on the thermal oxides however seem to have been affected by the polishing procedure. As the
surface roughness was largely unchanged, this would suggest that the polishing has led to an

unintended chemical change of the surface.

The contact angles of LKE on the polished surfaces are shown in Table 5.5.

. Average Surface LKE Contact
Surfee (Pelisnce) Roughngss, Ra (nm) Angle(®)
1um Thermal Oxide 0.290 81+9
500nm Thermal Oxide 0.246 32+3
500nm PCVD Oxide 0.193 24 +2
LPCVD Nitride 0.342 11+1
PECVD Nitride 0.278 21+4

Table 5.5: Mean contact angles of lithium chloride-potassium chloride eutectic measured on
polished silicon surfaces at 400 °C.

The contact angles of the LKE were also affected by the polishing, however the effect is
different to that observed from the deionised water. As the polishing has a different effect with
ionic liquids to polar liquids there must have been a chemical change in the surface, either in

structure or composition.

As part of the polishing regime, the polished samples were soaked in tetramethylammonium
hydroxide (TMAH) to remove the polishing slurry from the surface prior to drying. Basic
solutions can react with the oxide trapped in the films and it is likely that rather than the contact
angle being influenced by the polishing process itself, the soaking of the substrate in TMAH
was chemically changing the surface and hence the charge interaction between the surface and

the droplet.

To test this two additional thermal silicon oxide wafers from the same wafer batch and
processed using the same method as before were fabricated. The contact angles of 5 pL

droplets of deionised water were measured over several points on each of the wafers, before
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the wafers were soaked in TMAH for two minutes and washed in a water jet for 1 minute,
replicating the cleaning step after the previous used polishing process. The contact angles of

5 uL droplets of deionised water were re-measured across the wafers.

sample Contact angle prior | Contact angle after
to TMAH soak (°) TMAH soak (°)
1 43+1 Spreading (<10)
2 36+2 Spreading (<10)

Table 5.6: Contact angles of 5 pL droplets of deionised water on thermal oxide wafers before and
after soaking in TMAH.

These results support the hypothesis that, rather than a surface roughness change due to the
polishing procedure, the chemical treatment of the surface with TMAH has altered the free
charge of the surface resulting in a change in contribution to the contact angle from the

electrostatic interaction.

This phenomenon can be explained in a similar manner to electrowetting, although rather than
an applied potential, the change in charging is caused by a chemical treatment of the surface.
The increased spread contact angle measurements, demonstrated by a greater error, can be
explained by this effect. Increases in the difference between the surface free charge and the

electrolyte free charge have been shown to result in greater variation in the contact angle’.

The isoelectric point of silicon dioxide is between pH 1.7 and pH 3.58 whereas the isoelectric
point of silicon nitride is between pH 6 and pH 7. Treatment in a basic solution will have a
greater effect on the Stern layer charging of silicon dioxide than that of silicon nitride, and
hence the difference which will be measured in the contact angles between the untreated/

treated surfaces.

Itis possible that, as with the oxide surfaces, the difference in polished and unpolished PECVD
nitride films is due to the chemical reaction with TMAH. As explained in chapter 3, PECVD
of nitride films results in a film of SiN with entrapped hydrogen. This hydrogen is likely to
chemically react with the TMAH, and the increase in contact angle is a result of the change in
surface charge. This is less prominent in the nitride surface results as the entrapped hydrogen

is minimal and films are naturally more wetting than the oxide surfaces.
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5.5 Liquid Metal Contact Angles

In studies of 3d of printing flexible metal structures Ladd et al observed that in room
temperature liquid metals, oxidation of the metal exposed to air forms a solid film on the outer
surface®. This flexible metal structure can be manipulated in air as the bulk of the metal is
liquid, however the shape of its structure is held by the oxidised solid surface. This effect may
also explain the two unexpected peaks on the outer surface of the LKE droplet seen in Figure

5.4d, however this is difficult to prove.

Figure 5.7: Test contact angle images of liquid bismuth on silicon.

Attempts to measure the contact angles of liquid metals (Figure 5.7) were thwarted by similar
effects to those reported by Ladd et al®. The outer surface of the metal beads purchased for the
contact angle experiments had oxidised where the beads were exposed to air during the
manufacturing process. This oxide remained solid at the temperature of measurement,

obscuring the intrinsic behaviour of the liquid bismuth even in the inert argon atmosphere.

Despite this oxide skin, on removing the glass hood, it was possible to manipulate the bead in
open atmosphere to shape the liquid metal as reported in previous observations of other liquid
metals®®. Any attempts to overcome this effect and measure the contact angle of liquid metals
will require rigorous exclusion of oxygen from the formation of the bead to the contact angle
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measurement, or a process for removing the oxide in an inert environment prior to measuring

the contact angle.

5.6 Conclusions

In this chapter a method for measuring the wetting of molten salts on surfaces of interest has
been developed and benchmarked against know measurements. The system has been shown
to successfully overcome the problem of oxygen ingress causing an oxidative change to the
substrate on which the LKE is being measured and maintain an anhydrous atmosphere for the

molten salt.

Differences have been shown between contact angle measurements in controlled atmospheres
and when the substrate and molten salt are exposed to air and moisture. From these
measurements it has been possible to establish that the system is working, and to identify when

oxygen and/or water is present in the apparatus.

Using the measurements recorded during this work, it is possible to make informed choices
when designing and fabricating molten salt systems. This includes in the fabrication of
microelectrode sensors for use in LKE. With these devices, it is essential that the passivating
layer of the device is not damaged by the aggressive nature of the salt, and in terms of material
interaction, the best way to achieve this is to use a material with poor wetting to the molten
salt. This is only one of a number of conditions in choosing a suitable passivation material,
and additional consideration will need to be taken in terms of any chemical reaction between

the passivation layer and the LKE.

When designing a liquid micro-electrode, it will be important to use an underlying metal which
adheres well to the liquid metal and is resistant to wetting by the molten salt. This is important
so that the molten salt does not creep on the electrical contact, displacing the liquid metal or
creating a short circuit where solid deposition can take place. This can also be avoided if any
recess in the device surrounding the underlying solid electrode is lined with a material which
is wet by the liquid metal, and not wet by the LKE. Equally, it is important that the liquid metal
is non-wetting on the passivating layer of the device so that the liquid metal does not creep,

enlarging the electrode area.

Attempts were made to measure the contact angles of liquid bismuth on the surface of interest,
however this was not possible owing to the solid native oxide on the bismuth beads, which

could not be removed within the apparatus. The melting point of bismuth oxide is well above
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the melting point of bismuth metal, and the operating temperature of the hotplate, so the oxide

could not be melted. Future work should focus on developing a means to remove the native

oxide from the bismuth prior to melting and preventing the oxide from re-forming such that a

truly accurate and representative measurement of contact angles of liquid metals on surfaces

can be recorded.

In adopting reprocessing systems which employ liquid cathodes and molten salts, the

interaction between the liquids and the solid materials used to construct the systems shall

become increasingly important to ensure the systems are efficient and robust.
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6 Developing an Electrochemical Method for Dry
Molten Salt Preparation

6.1 The need for dry molten salt

This chapter addresses the issues of maintaining a rigorously dry and pure molten salt in which
it is possible to study the electrochemical behaviour of redox species in the melt. An in depth
discussion on the development of a novel yet elegantly simple electrochemical method for
rigorous removal of molten salt contaminant species arising from entrapped water is also
presented. This is of crucial importance in the determination and understanding of
thermodynamic and kinetic measurements of redox species in the molten salt through the
prevention of competing chemical reduction or oxidation reactions. This method is also
demonstrated to be of use in removing the oxide and hydroxide species from the melt in the
presence of other redox species. Useful as pre-drying anyway, this important application of
the method is of significant importance for the use of pyrochemical nuclear reprocessing
system, as it would allow the molten salt to be electrochemically dried should there be an

accumulation of water in the salt during operation.

6.2 Current Drying methods

The determination of thermodynamic and kinetic data for the redox reaction of metal ions or
metal oxides in molten salts is of crucial importance in the understanding and development of
these molten salt processes and in the design of corresponding electrochemical reprocessing
reactors. These parameters are often obtained from the redox potentials observed using cyclic
voltammetry and chronopotentiometry®#4; it is important to ensure the correct speciation,
accuracy and reproducibility that these fundamental measurements are performed in a high
purity, rigorously dry molten salt®.

As a specific example, the eutectic mixture of LiCI-KCI (LKE) is widely used in molten salt
research. This is due to its good thermal stability, wide electrolytic potential window, absence
of strongly acidic or basic properties, relatively low operating temperature, high ionic
conductivity and high fluidity®. However rigorous exclusion of water is a significant challenge.

Entrapped water has been established to interact with the salt giving rise to oxy- and hydroxy-
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species and also constituent ad aquo ion containing species. These undergo uncontrolled
reactions with electrodes, container systems and redox species, corroding the electrode and/or
container materials and creating new redox active species’. Drying of salts is therefore crucial.
Although the earliest studies aimed at removing oxygen containing species by heating and
evacuation, this becomes progressively more difficult and residual species remain. This is

because it is generally accepted® 8that in LKE the following equilibria are established:
H,0 ¢y + 2LiCl g = LiOH g + HCl) + LiClg = LiO™ ¢ + 2HCl ) + Lia)

Equation 1

which results in the loss of HCI under evacuation and the accumulation of first OH" and then
O% contaminants through further HCI loss. Rigorous drying has therefore necessitated time-
consuming purging procedures involving dry hydrogen chloride or dry chlorine gas®°. The
use of HCI originates from Laitnen et al.®>, who proposed the salts should be fused under
anhydrous HCI gas at atmospheric pressure. This, or HCI purging, shifts the equilibrium to
the left, so that water vapour can then be driven off. However, HClI is very soluble in the salt
and therefore often remains in the eutectic after evacuation. This leads to a salt which is acidic
and chemically oxidizing, which, in extreme cases, as witnessed in previous work, can lead to
spontaneous oxidative metal dissolution?. An alternative purging method® uses reaction with

Cl, gas
2LiIOH g + 2Cly = 02 + 2 HCl + 2LiCl g

Equation 2

with subsequent sparging with argon and/or evacuation to attempt to displace the O and HCI
formed and any excess Cl,. However, evacuation again does not remove all the oxidizing
species, and indeed upon heating the eutectic becomes red-brown in colour, indicating the
presence of chlorine complexes®. Such coloured chlorine complexes have been identified
spectroscopically in room temperature chloride ionic liquids purged with Cl,!* as Cls” and Cls

ions (and indeed Cly), formed through the reaction
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Cl” + 2CL 2Cl; + CL = Cl; 55 Cly

Equation 3

A previous method for the electrochemical removal of H,O proposed the use of a sacrificial
aluminium working electrode®! at which an oxidising current was passed to dissolve AI** ions
into the molten salt. These would go on to react with oxygen ions to produce the insoluble
product Al,O3 through the reaction

Al — AIRS + 3e”
Equation 4
2 AIZy +303; — Al,03 )

Equation 5

Meanwhile, at the tungsten counter electrode lithium ions reduce water to hydrogen forming

another insoluble product, Li>O through the reaction
2Lif) + H0(y + 2e” — Hy(py + LipO

Equation 6

During this process, water and hydroxyl species are separated into oxygen and hydrogen with
oxygen being removed from the liquid phase as insoluble products, and hydrogen removed as
a volatile gas. Whilst this process was effective at removing water from the molten salt without
the use of reactive gasses, oxy-containing species and residual AI** ions remained entrapped
in the molten salt. These oxy-containing species were electrochemically detectable in the melt
from a small reducing current below -1.00 V. Therefore, whilst this method excluded the use
of reactive gases, it did not meet the aim of developing an electrochemical drying method

which resulted in a pure molten salt.

Charlotte Brady? began work on an electrochemical method based on drying the molten salt

using CV cycling. Once fused, the salts were electrochemically treated, using cyclic
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voltammetry across the full potential window of the LKE for between twenty and two thousand
cycles at either 100 mV s or 200 mV s. This was found to result in a drier molten salt for

conducting electrochemical studies and forms the basis from which this work continues.

6.3 The Concept

The motivation behind this work was to devise a method that avoids the production of either
an oxidative or a reductive environment. To avoid this happening, exactly the right amount of
oxidising or reducing agent would need to be added to the melt to react with the impurities.
This is difficult using reactive-gas drying as it is challenging to deliver a precise amount of
HCl or Cl, chemically. This is possible to achieve electrochemically by reducing Li* to lithium
and oxidising ClI-to chlorine. An electrochemical method is also more convenient for preparing
anhydrous chloride eutectics as H.O is electrochemically active so direct reduction or
oxidation of H,O or associated species is also possible. In this study a novel electrochemical
method for this rigorous H,O removal which utilises the selective electrolysis of water to
eliminate H; and O, and which can be used to avoid oxidizing or reductive environments and

the use of reactive gases is demonstrated.

To achieve this, the electrochemical diagnostics and understanding of the drying process has
been determined to identify the characteristics of a pure molten salt and allow possible in-situ
monitoring of the presence of H,O in the molten salt. The principle behind this work was to

electrochemically generate H, and O, for evacuation from the salt, to remove H,O and OH".

6.3.1 Electrochemical Drying by Cyclic Voltammetry

In earlier work by Dr Brady!*, the aim was to clean the salt by employing successive reducing
and oxidising electrode potentials by cyclic voltammetry. The cathodic reactions at reducing
potentials result in the reduction of acidic or aqueous protons and hydrogen evolution.

Evacuation then leads to removal of gaseous products of the reactions
2 H+(1) + 2e” 9H2(g)

Equation 7
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20H g + 2e” 22 02_(1) + H,0p

Equation 8

H,0p + 2e” - Hyo + Oz_ﬂ)

Equation 9

whilst the anodic reactions at oxidising potentials lead to the oxidation of oxide, hydroxide
and/or water with the generation of oxygen, which is then removed by evacuation, and protons.

2 H20(1)9 0, @ + 4H+(1) + 4e”

Equation 3
20H )20, + 2 Hty + 2e”
Equation 11
2027 20, + 4e”
Equation 12

It should be remembered that when the working electrode is performing the cathodic reaction
(equations 7, 8 and 9) the counter electrode is performing the oxidative reactions (equations
10, 11 and 12) and vice versa.

In an ideal solvent, the only oxidative or reductive currents in a CV can be attributed to the
reduction or oxidation of the component species of the solvent. In the case of lithium chloride-
potassium chloride eutectic, the only observable peaks should be due to either the redox
reactions CI'/ ClI, K*/ K or Li*/ Li. As potassium is more noble than lithium, the negative
solvent limit can be attributed to the reduction and oxidation of lithium, and the positive
solvent limit is the oxidation and reduction of chloride ions. At the positive limit, the expected
reduction peak will not be observed in the case of chloride through equation 3, as the oxidised

species shall go on to react with other chloride ions and form stable complexes.
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Figure 6.1: Cyclic voltammograms of electrochemical cleaning of LKE using cyclic voltammetry
after the 1% (as melted LKE), 150" (partially dried LKE) and 200" (dried LKE) cycles. Cycles
consist of sweeping the potential between 1.5 V and -3.5 V at 200 mV s,

Figure 6.1 compares the cyclic voltammograms recorded in the molten salt during the cyclic
voltammetry cleaning process at the first, 150" and 200" cycle (note that there is repeated
periodic noise in the current signal that occurs due to electromagnetic noise generated by the
furnace heating element).

In scan 200 on Figure 6.1 the solvent limit is clearly defined as would be expected by the
reduction and oxidation of lithium at the negative potential limit (-2.60 V), and the oxidation
of chloride and the absence of a corresponding reduction current at the positive potential limit
(+1.10 V). A flat current between these limiting reactions would be typical for a pure solvent,
and therefore this provides the characteristic signal for a dry molten salt. The charges passed
during oxidation and reduction of the lithium in the dry molten salt is equal, indicating the

absence of any competing chemical reaction of the lithium with other species in the melt.

In the intermediate CV, scan 150, additional currents are observed between the solvent limits.
Between -0.50 V and +1.1 V an oxidising current has been passed, particularly between

+0.80 V and +1.0 V. Similarly, a reduction current is passed prior to the lithium peak between
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-1.50 V and -2.20 V. Since scan 150 contains some water contamination in addition to the pure
LKE as previously described, the oxidising currents between -0.50 V and +1.1 V can be
explained by the reactions in equations 10 to 12 and attributed to OH" and oxygen in the molten
salt. Equally, the reducing current between -1.50 V and -2.20 V can be attributed to the

reactions in Equations 7 to 9 and attributed to hydrogen in the molten salt.

The noisy responses in the region above +0.80 V is diagnostic of gas evolution as bubbles of
gas form and grow blocking active regions on the tungsten electrode surface, reducing the
effective electrode area, before detaching from the electrode leading to a spike in current. This
could be explained by the oxidation of chloride and the formation of chlorine gas. However,
this spiking is not observed in dry molten salt (Scan 200), which would be the case if it was
attributed to Cl,. Therefore, this spiking can only be attributed to the oxidation of oxygen either
electrochemically, or chemically by the chloride complexes, resulting in the formation of
oxygen gas bubbles.

By comparing the lithium reduction and oxidation charges passed in scan 150, a far greater
charge is passed during reduction than oxidation. This suggests that a chemical oxidation of
the reduced lithium is occurring before the potential is reversed, and provides further evidence

for the presence of contaminant species in the melt.

In the first cycle very little current is passed at all potentials. This can be attributed to the
expected resistive native oxide layer on the tungsten electrodes when first inserted to the
molten salt. This resistance initially leads to low currents being passed. However, these data
show much of this surface oxide film is removed (or becomes porous) during the first reductive
scan, which can be attributed to the reaction in equation 13, resulting in recognisable

voltammetry in subsequent scans.
WO, ) + 2xe™ > Wy + XOZ_(I)

Equation 13

6.3.2 Electrochemical Drying by Alternating Potential Pulsing

Whilst apparently effective at removing water and oxy- and hydroxyl- containing species from
the melt without the chemical introduction of reactive gases, the cyclic voltammetry method

had the disadvantage of being a time consuming process. This is because for much of the
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duration of the drying, the applied potential was between the solvent limits, where little or no

reaction was taking place. Therefore, this thesis introduces a pulse sequence method.

The first pulse could either be to a negative or a positive potential. As the native oxide on the
electrodes passivates the electrode surface, this must first be removed before the salt can be
dried electrochemically. The native oxide is removed by the reaction in equation 13 at negative
potentials, and therefore the first pulse needs to apply a negative potential. In addition to
reducing the tungsten oxide, lithium is reduced in the first pulse and then the second pulse
switches the potential positive to generate chloride species at the working electrode, with the
reverse occurring at the counter electrode. The potentials to which the electrodes were pulsed
were chosen to be potentials beyond the solvent limit where lithium would be readily reduced,
and chloride would be oxidised. The chosen potentials were -2.75 V for the negative potential
and +1.50 V for the positive potential as this pair of potentials resulted in similar magnitudes
of current in the CV of dry molten salt (Figure 6.1, Scan 200).

I
400 -

200 +
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-200
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Figure 6.2: The chronoamperogram resulting from pulsing the tungsten working electrode in
LKE from -2.75 V to +1.50 V at 60 s intervals for 4 cycles.
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Initially eight alternating potential pulses of -2.75 V, where lithium is reduced, and + 1.50 V,

where chloride is oxidised, each of 60 seconds in duration were applied to the cell, (
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Time /s

Figure 6.2) leading to first local then widespread generation, liberation and evacuation of first
H> then O (vice versa from the counter) from H,O via the electrodes. The pulse cycling was
designed to increase drying efficiency, as greater time, and therefore charge, was passed for
each reaction; and as the products of the anodic reactions are reagents for the cathodic

reactions, and vice versa.

The equivalent current response associated with potential pulsing of LKE was also recorded

and is shown in
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Figure 6.2. Holding the potential at -2.75 V resulted in currents of approximately -80 to -150
mA. The observed current response at this potential is predominantly due to lithium plating
on the tungsten wire electrode (I). The magnitude of the current in the first pulse is consistent
with rapid initial tungsten oxide reduction, with the additional current related to this reduction
(Equation 13) lost within the lithium reduction. Switching the potential to +1.50 V results in
an initially large current (~450 mA) which is due to lithium oxidation (111); following the
removal of this plated lithium the current drops to a steady state value of ~ 75 mA; this current
is similar in magnitude to that that found at this potential in CVs and can be attributed to
chloride oxidation at the tungsten wire electrode (l11). It is to be expected that the lithium and
chlorine complex produced will act as reducing and oxidising agents respectively, reacting
with the aqueous species to again generate hydrogen and oxygen gas products which will be
removed in vacuo. As expected in this case, across the time course of the experiment the
current associated with lithium plating (I) increases in magnitude. As with the CV experiments
this suggests a cleaner tungsten electrode free of oxide due to a drier salt system; that this is
not an increase in effective electrode area can be seen by the constancy of current (111) with

each successive pulse. The increased current (I1) has a progressively increasing time duration
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(charge). This is consistent with reduced chemical loss of lithium owing to reoxidation by

other species in the melt through the reaction
2 Ll(l) + 2 H+(l) - 2 Li+(l) + HZ(g)

Equation 14

Indeed, integration of the charges passed during lithium oxidation (I1) and lithium plating (1)
gave an initial ratio of charge passed of 40% as the reduced lithium chemically reacts to reduce
other species in the melt and is not then electrochemically oxidised on the reverse pulse. After
the four successive pulses shown the charge ratio increases 85% as less of the reduced lithium
is chemically reoxidised by other species in the melt. This increase in efficiency of oxidation
again indicates drying of the electrolyte and removal of the reactive aqueous contaminants by

this pulsing process.

After the initial electrolysis pulse sequence, a further pulse sequence was applied to ensure

complete drying of the molten salt was achieved.

Having electrochemically treated the melt, the next aim was to demonstrate its dryness. Figure
6.3 compares the cyclic voltammograms (CVs) of LKE that has been fused under vacuum (1),

treated with the potential pulse sequence of eight alternating potential steps shown in
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Figure 6.2(11) and then treated with a second series of potential pulses (I11).
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Figure 6.3: A) CVs recorded on a tungsten wire of I) previously untreated, fused salt, I1) salt
subjected to 4 x 60 s reductive and 4 x 60 s oxidative cleaning pulses, 111) Salt subjected to an
additional 5 x 30 s reductive and 30s oxidative potential pulses. B) Expanded sections of CVs from
Figure 3(A) over the region -1.50 V to 1.5 V. I, Il and Il have been offset from each other by 50
mA for clarity.

The final CV (I11) in Figure 6.3 is comparable to Cycle 200 in Figure 6.1 with the solvent limit

clearly defined by the Li*/ Li peaks, and the chloride oxidation current. Between these
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potentials the CV is largely featureless with almost no current passing, typical of a pure system

with no other electrochemically active species.

In CV (I1) the spikes in the oxidation current between +0.50 V and +1.20 V are again indicative
of the change in electrode area. This diagnostic of oxygen gas bubble generation, evolution
and detachment is observed to a much lesser extent in the drier salt in CV (l11), and to a much
greater extent in the CVs of molten salt cleaned using the cyclic voltammetry method. As the
oxygen (generated by the schemes described in Equations 10 to 12) is removed in vacuo
(particularly seen after the final electrolysis (111)) the gas evolution peak heights decrease and
they shift to higher potential, between 0.75 V and 1.00 V. This is consistent with decreasing
reagent activities (reflecting both decreasing concentration and activity coefficients, the latter
arising from increasing interaction between reagent and molten salt ions) that makes the
oxidation reactions progressively less favoured. In addition, the lithium plating and stripping
redox features below -2.00 V increase in magnitude and area from CV (l11) to CV (1l), and the
charge ratio between oxidation and reduction approaches 1. These changes reflect the decrease
in lithium chemical oxidation through the progressive removal of O». The previously observed
hydrogen reduction wave below -1.00 V attributable to Equations 7 to 9 is also less apparent,

indicating that there is less hydrogen in the melt.

It is clear that prior to the cleaning, in CV (1), the low currents observed are indicative of high
electrode resistance expected from the presence of passivating tungsten oxides (WOX) on the

electrodes, as previously seen in the cyclic voltammetry method already discussed.

Together the CVs in Figure 6.3 are diagnostic of progressive molten salt drying, indicating
that not only can water be removed from the molten salt using the method developed here, but
that the presence of water can be identified from the corresponding peaks and waves in the
Cv.

Of course, the CV of dry molten salt does not preclude the presence of either an oxidising of
reducing environment, as is the case arising from molten salt dried using reactive gas purging.
If the salt is either oxidising or reducing, chemical reactions in the melt would proceed in
parallel to the electrochemical study, and species which were electrochemically reduced would
be chemically oxidised or vice versa. This would be apparent in the CVs, as reactions would,
in the extreme instance, appear to be irreversible. An alternative means of testing this would

be to deliberately fix the potential of the cell by depositing lithium on the electrode and
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monitoring the potential as if it were a reference electrode. If the salt was oxidising, the lithium

metal would be chemically oxidised, and the Li/Li* potential lost.

Figure 6.4 demonstrates the stability of the measured open circuit potential following lithium
plating at the tungsten wire electrode in salt that has A) been dried using reactive gas purging,

and B) been dried using the pulsed potential method described earlier in this chapter.
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Figure 6.4: The variation in the open circuit potential, E, after 120 second plating of Li at a
tungsten wire in A) reactive gas dried LKE (Sigma Aldrich) and B) pulsed potential dried LKE.

Initially, the zero current potential is always near -2.65 V, diagnostic of the expected Li/Li*
redox potential set up between the deposited Li and the high and constant activity of Li* ions
in the melt. However, in the reactive gas dried salt (A) (as purchased from Sigma Aldrich,
UK), this potential changes rapidly to be more oxidative within a couple of minutes. The
change in potential could be due to: progressive mechanical loss of the deposited lithium; the

short circuit reaction of oxidised chloride product from the counter electrode reaction re-

133



combining with the lithium (Equation 17); or the end point of the chemical oxidation reactions

by H,O, OH- or Cl, which cause the complete removal of Li;

Ligg + H,O¢ — Li+(1) + OH ) + %2 H, (o

Equation 15
Ligg + OH™ 2> Lit g + 027 + Y% H,
Equation 16
: 1 .
Lig + ECIZ a — LiClg
Equation 17

In contrast to salt (A), in electrochemically dried salt (B), a steady potential is held for at least
15 minutes. If the loss of potential in salt (A) were due to either progressive mechanical loss,
or the short-circuit reaction, we would expect the loss of fixed potential to occur on the same
time scale in both salts as these losses would be governed by diffusion of either Li or chloride

in the melt.

Of course, a possible argument for the eventual observed change in potential in the
electrochemically dried salt could be the presence of a lower level of residual moisture.
Equation 18 shows the approximate calculation that based on the electrode separation of about
50 mm and typical diffusion coefficients of the order 10-° cm? s the diffusion time for the Cl,
from the counter electrode to the working electrode is approximately 1000 seconds.

L(m)?
Dlemzs )~ )
2
(0.05m) ~ 1000 s

(105 cm?s™1)

Equation 18

Given that the loss of potential is observed at around the time that the ClI, (or other chlorine
complex as defined in Equation 3) would take to diffuse to the working electrode and undergo
the short circuit reaction (Equation 17), this is most likely explanation for the loss of a stable

Li/Li* potential. It is therefore likely that this is also an upper time limit to the stable potential,
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determined by the removal of liquid lithium by chlorine generated at the counter electrode
during the lithium deposition diffusing to the working electrode and diagnostic of rigorously
dry LKE. If a frit were to be introduced between the working and counter electrodes, it should
be possible to prevent the short circuit reaction and hold the potential indefinitely. This thesis
has not investigated this experiment, however future investigation of this would be desirable

to further prove the rigour of the drying method proposed.

The ability to hold this diagnostic Li/Li* potential for the time required for the short circuit
reaction to occur is a clear demonstration of the ability to produce LKE free of an oxidising
environment. Equally it could be considered that if the salt were a reducing environment, the
short circuit reaction could not take place as the product at the counter electrode would be
reduced before it could diffuse to the working electrode. It has therefore been demonstrated
that the aim of developing an electrochemical method of drying molten salt without
introducing a reducing or oxidising environment has been achieved, and that using cyclic
voltammetry it is possible to determine the presence of water and related oxy-/hydroxyl-

species.

6.4 Redox Studies in Electrochemically Dried Molten Salt

Up until this point, the dried molten salt has not been tested using a redox agent. To further
demonstrate the production of rigorously dry salt, a redox agent was added to the melt post
drying. If the dried salt was in an overall reducing state, it would be expected that the species
would be chemically reduced, precluding its electroanalysis. If the dried salt was in an overall
oxidising environment, any reduction of the species would not be accompanied by the
expected, corresponding oxidation peak, as it would be chemically oxidised prior to the
potential sweep being reversed. To exclude this possibility, the electroanalysis of silver (1) in

electrochemically dried LKE was demonstrated.
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Figure 6.5: (A) Cyclic voltammetry in electrochemically dried LKE with and without
0.063 M kg AgCl. Starting at 0 V the potential was scanned firstly to +1.50 V and then back to
-2.75 at a scan rate of 200 mV s™. (B) Silver stripping and plating in LKE + 0.035 M kg* between
potential limits of -0.75 V and 0.50 V with scan rate increasing as shown by the arrows
(100 mV s, 200 mV s?, 400 mV s, 800 mV s?). Inset shows plots of anodic and cathodic peak
currents, iaand ic, vs V2,
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Figure 6.5A shows two cyclic voltammograms, one from LKE (Red) and one from LKE with
added (0.063 mol kg?) AgCl (Black). Features in the voltammogram resulting from silver
oxidation (1), reduction (1) and a lithium on silver deposition (111)** were only present in the
electroanalysis of LKE with AgCl added. Figure 6.5B shows silver stripping and plating in
LKE for a range of scan rates. Consistent with a lack of a reducing environment, no silver was
observed in the salt pellet following cooling and fusion. It can also be seen that the diagnostic
silver plating/stripping system was observed on the addition of silver(l) near 0 V (B) as
expected (not at 0 V due to the slight differences in silver ion activity in melt and reference
electrode). The characteristic diffusion-limited silver plating peak was observed, with the
expected square-root dependencies of peak heights to sweep rate (see Figure 6.5B inset),
consistent with a stable solution of silver(l) of constant concentration. The AgCI concentration
in the melt, calculated using the Randles-Sevcik equation*!® and the literature diffusion
coefficient of Ag(l) in LKE (2.39 x10° cm? s)! was 0.048 M, consistent with the expected
value of 0.050 M. The charges passed during silver plating and stripping are also equal at all
sweep rates. Together these observations indicate the lack of a reducing or oxidizing solution
environment. Itisinteresting that there is an additional reduction peak (I11) seen during lithium
plating at -2.50 V with silver chloride in the melt, which is attributable to either the
underpotential deposition of lithium on silver, or the deposition of lithium into the deposited

silver.
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Figure 6.6: Binary phase diagram for the silver — lithium system!’ indicating the Li-Ag mixture
at 450°C (marked by the red arrow).

Figure 6.6 shows the phase diagram for the silver-lithium system, with the red arrow
indicating the increasing proportion of lithium at 450 °C. Looking at the phase diagram, we
see that as the ratio of lithium to silver reaches approximately 45:55, there is a transition from
a mixed phase to a single phase, and again a ratio of 55:45 there is another transition back to
a mixed phase. The transition from Li accumulating at the silver electrode into the single Ag-

Li phase could explain the peak feature observed at (111).

In conclusion it has been shown that a pulsed potential method can be used to
electrochemically remove water from lithium chloride-potassium chloride eutectic. This
method eliminates the requirement for purging with reactive gases that typically result in either
oxidising or reducing environments, and enables on-line diagnostics of LKE to determine the
presence of water. Whilst this method has demonstrable advantages over previous drying
methods, it would still be desirable for molten salt to be dried with the redox agent in-situ.

Should a molten salt reprocessing system suffer from an accumulation of water during
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operation, an ideal method would allow the removal of water, without significantly affecting

the species in the melt.

6.5 In-situ drying of LKE containing a redox agent

Having a pure and rigorously dry molten salt is a vital foundation for accurately and reliably
studying the electrochemical behaviour of redox species in the melt. The process of adding a
redox species to the melt however can be fraught with problems in maintaining a sealed
system, and preventing the ingress of air and moisture. In addition to this, continual operation
of molten salt processing systems whilst avoiding the accumulation of water is fraught with
difficulties. As a means of overcoming this, it was desirable to test the pulsed potential
cleaning method on a molten salt to which a redox agent had been added. One of the
complexities of this process is the ability of retaining the desired oxidation state of the species

which was to be added to the molten salt to be studied.

E/V

Figure 6.7: CVs recorded on a tungsten wire vs Ag/AgCI reference of LKE containing 5 mM
Fe(I1)Cl2.6 H20 with 1) no previous treatment, I1) salt subjected to 8 x 30 s oxidative and 8 x 30 s
reductive cleaning pulses, I11) Salt subjected to an additional 4 x 15 s oxidative and reductive
potential pulses.
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Figure 6.7 compares the cyclic voltammograms (CVs) of LKE containing 5 mM
FeCl,.6 H,O that has been fused under vacuum (I), treated with an initial potential pulse
sequence of eight alternating potential steps (I1) and then additionally treated with a further
sequence of 4 shorter potential pulses (I11). It is noteworthy that by adding a precise quantity
of hydrated redox agent to a thoroughly dried eutectic, it is possible to deliver a known quantity
of water to the eutectic, which could be used to relate the quantity of water in the melt with

the oxygen oxidation peak in the CV.

As with Figure 6.1 and Figure 6.3 the oxidation of oxygen is observed above 0.50 V and
reduces in magnitude from | to Il as oxygen gas is evolved and removed from the salt.
Furthermore, the H* reduction wave around -1.80 V, a common feature of pre-prepared LKE
purchased from Sigma Aldrich, having been purged with HCI during fusion, reduces in
magnitude as H» gas is evolved and removed from the melt. In the first CV (I), prior to any
electrochemical treatment being applied to the salt, the reduction of Fe?* initially occurs at
about -0.50 V as would be expected. At potentials more negative of this, an additional
reduction of Fe?* is observed and when potential is swept positive of -0.50 V a large oxidation
peak for Fe is observed. The increased reduction current could be due to alloy formation
between Fe and Li. Alternatively, as this feature occurs around the point at which hydrogen is
reduced, the hydrogen gas could be acting as a chemical oxidant at the electrode, resulting in
an apparent increased concentration of Fe?*. The increase Fe concentration at the electrode
will then be observed electrochemically as it deposits at the electrode. When the applied
potential is swept above the hydrogen reduction potential, this chemical oxidation ceases,
resulting in the observed reduction current of iron firstly dropping off before diffusion limited
deposition of iron at the electrode is restored. After the initial pulse sequence to remove
aqueous species is applied, (I1) the redox behaviour of the FeCl, reflects the 2 electron
reduction and oxidation that would be expected in the absence of chemically active reducing
or oxidising species. A final, shorter cycle of pulses resulted in the removal of the oxygen
oxidation (0.80 V) and hydrogen reduction (-1.80 V) waves that were present in CV I, as
shown by CV III. In this CV, the charge passed for both the Li* and Fe?* reduction and

oxidations were equal indicating an absence of either oxidising or reducing contaminants.

It was interesting to note that the oxidation of Fe?* to Fe3* is not observed in any of the CVs
recorded in Figure 6.7 suggesting that this method is suitable for removing aqueous

contaminants, whilst retaining the intended oxidation state of the species to be studied.
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Figure 6.8: Binary phase diagram for the iron — lithium system?®,

Figure 6.8 shows the phase diagram of the iron-lithium binary system. This diagram does little
to immediately explain the redox peaks about -2.00 V in Figure 6.7 CV (I) in terms of Fe-Li
formation. Furthermore, the absence of this feature in CV (l1l), and its lesser prominence in
CV (1) would suggest that this may be a result of the presence of water. Additionally, there is
no lithium pre-peak as was the case with silver, and the solvent limit peaks are observed at the

expected potential suggesting that this feature is not lithium depositing on iron.

As this feature occurs around the point at which hydrogen is reduced, the increased reduction
current may be due to the hydrogen gas acting as a chemical oxidant at the electrode, resulting
in an apparent increased concentration of Fe?* at the electrode which will then be
electrochemically reduced. When the applied potential is swept above the hydrogen reduction
potential, this chemical oxidation ceases, resulting in the observed reduction current of iron

firstly dropping off before diffusion limited deposition of iron at the electrode is restored.

This is a further demonstration of the ability of the electrochemical drying method to remove
water from the molten salt, but more significantly demonstrates that it is possible to do this

whilst redox agents are present in the melt. This is important because of its potential
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application in recovering molten salt reprocessing systems which are subject to water
accumulation without the use of reactive gases which would also chemically react with the

redox species in the melt.

In serendipitous circumstances, data from Dr Damion Corrigan on measuring multiple redox
species in a molten salt further demonstrates the potential for this drying method. In an
experiment where ZnCl, and CeCls, which had been exposed to air during storage in the lab,
had been added to LKE it was apparent that the cerium had partially decomposed to the oxide
product, CeO™.
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Figure 6.9: CVs recorded on a tungsten wire vs Ag/AgCl reference of 1) prepared LKE an
Zn(ICl2 to which 1 mM partially hydrated Ce(l11)Cls has been added, 1) salt subjected to 4 x

60 s oxidative and 4 x 60 s reductive cleaning pulses, 11) Salt subjected to an additional 5 x 30 s
oxidative and reductive potential pulses.
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Figure 6.9, from Dr Corrigan, compares the CVs of the LKE with 1 mM of each of the redox
species prior to any electrochemical drying (1) and after the pulsed potential drying method
had been applied to the salt (I1). The reduction and oxidation peaks of ZnCl, can be observed
about -1.00 V (I11) in both CVs and are broadly the same.

In Figure 6.9B, CV (I) shows a response in the oxidation sweep that has unusual fluctuations
in current. Whilst this is partially from periodic electromagnetic noise from the heating coil of
the furnace, the continuous fluctuations, especially those in the positive sweep, may be
considered to be indicative of some gas evolution. At this potential, below -1.00 V, this is
possibly the evolution of hydrogen gas bubbles. Additionally, on the reduction sweep, the
reduction of zinc below -1.00 V continues at a steady current above that expected, indicating

that, as with the Fe?* in Figure 6.7 (1), a reducing species may be present in the melt.

A small reduction wave can be seen below -2.00 V, where the corresponding oxidation peak
is present at -1.50 V. These potentials are close to the previously reported!® peaks
corresponding to the reduction and oxidation of CeO* at -2.00 V and -1.39 V rather than the
peaks of Ce3* that have been reported as -2.18 V and -1.98 V respectively. Once the salt had
been cleaned using a cycle of pulsed potentials to remove the hydroxyl- and oxy- species from
the melt CV (11) showed reduction and oxidation peaks closer to their literature potentials. This
variation in redox potentials for oxides and chlorides of the same metal and oxidation state has

also been previously reported in uranium and other rare-earth metals®.

In Figure 6.9A, the lithium reduction and oxidation shows different behaviour in the cleaned
salt (I1) due to the formation of a zinc-lithium alloy as noted in the binary phase diagram?
(Figure 6.10).
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Figure 6.10: The binary phase diagram of lithium and zinc indicating the existence of several
alloys, particularly the Li2Zn3 alloy at 500 °C.

6.6 Conclusions

The method of electrochemical drying demonstrated in this chapter offers a number of
advantages over the traditional chemical methods hitherto employed for drying lithium
potassium eutectic. Firstly, this can be achieved without creating an oxidizing or reducing
environment. This is because the electrochemical signatures associated with the cyclic
voltammetry and potential pulsing experiments provide direct monitoring of the dryness of the
salt, enabling a diagnosis as to when complete dryness has been achieved and in vacuo
conditions can be removed. Furthermore, this endpoint is self-limiting, as pulsing in vacuo
first leads to the overall removal of H, and O, gas (beneficial drying), whereas further pulsing
once dry in vacuo overall leads to the oxidation of CI- to the stable Cls* (Equation 3) and
reduction of Li* to Li metal, which simply results in the spontaneous regeneration of LiCl and
the retention of a dry LKE which is neither oxidizing nor reducing. There is also further benefit
to this method when oxides are present. One of the difficulties associated with maintaining a

dry and pure melt is the dissolution of metal oxide species into the salt following chemical
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cleaning. The work with tungsten demonstrates the concomitant removal of surface oxides
and the work with hydrated redox agents demonstrates the removal of solution based oxides
and hydroxides during the pulsing cycles, which then enables the removal of these aqueous
contaminants from the system as oxygen and hydrogen gases. The concomitant removal of

surface oxides on liquid cathodes has also been observed, and shall be discussed in Chapter 7.

It was also worth noting that the hygroscopic nature of the salts was such that even the highest
purity “anhydrous” salts as received and packed under argon often evolved water vapour
during heating and evacuation. Evidence of trace moisture could also be seen in the CV prior
to electrochemical cleaning of “anhydrous” eutectic salt, sold having been fused and

chemically treated to remove entrapped water.

Together, these characteristics make this method of real value in the production and
monitoring of rigorously dry and oxide free LKE.
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7 Detection of Dendritic Growth at Liquid Metal
Cathodes in a Molten Salt

7.1 Introduction

In chapter 4, the characteristic electrochemical response for dendrite growth on a liquid
electrode at ambient temperatures in aqueous solutions was investigated as an analogue for

developing diagnostic tools for a pyrochemical fuel reprocessing system.

In this chapter, molten bismuth held within a ceramic crucible is used to investigate the
deposition of metals at a liquid metal cathode in the lithium chloride-potassium chloride
eutectic (LKE) molten salt. The molten salt experimental cell is described in Section 3.1.3,
and is geometrically similar to that used in the ambient temperature experiments with mercury,

with identical ceramic crucibles and tubes used to construct the liquid metal cathode.

Preliminary investigations into dendrite growth at a liquid electrode in a molten salt are
reported, with comparisons drawn between the electrochemical responses of the bismuth

cathode to the observations made on the mercury cathode in Chapter 4.

7.2 Stability of a Bismuth Liquid Pool at the Bi-LKE Interface

Molten salts are of great interest in electrochemical technologies owing to their ability to
dissolve many different compounds, including reactive metals, at high concentrations and
stabilise oxidation states that are not accessible in aqueous solutions®. One of these processes
of interest is in the reprocessing of spent nuclear fuels to recover the energy rich uranium for
re-enrichment, and collectively removing the other fission products for safe, proliferation

resistant disposal as a minimised volume.

Liquid metal electrodes have been proposed as ideal cathodes for the concurrent recovery of
practically all of the fission products as deposition of these elements is stabilised by the
formation of alloys with the liquid metal at the cathode? 3. Studies on this alloy formation of
fission products for recovery has predominantly used cadmium as the liquid metal. In practice

the use of cadmium has disadvantages that add barriers to routine studies. Cadmium is toxic,
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and listed in the European Restriction of Hazardous Substances directive* as a restricted
substance. It also has a high vapour pressure at the temperatures used in molten salt
experiments®, which would require additional safeguards for atmospheric control in the molten

salt experiment cell, and monitoring on the gas discharge line.

To overcome these issues, the liquid metal used in this work was replaced with bismuth.
Bismuth, with a melting point of 271 °C, is also liquid at the desired temperature. It is not
considered toxic, and has a much lower vapour pressure® than cadmium, negating the need for
stringent controls to prevent the release of vapours from the gas line on the molten salt cell.
Bismuth alloys have also been well studied, so it is possible to select suitable species for
depositing at the liquid cathode which should, and should not, form alloys and hence it should
be possible to predict when dendritic growth may occur.

Whilst dissolution of metals is a desirable property for molten salts in dissolving the spent
fuel, it would be undesirable that either the containment vessel, or the system components
including the electrodes are solubilised by the molten salt. To establish whether the molten
salt may react with the liquid metal, the phase diagram can be considered for potential alloys

between the two species.
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Figure 7.1: Binary phase diagram of bismuth-lithium system’, with the concentration of lithium
increasing from left to right. The red line indicates the temperature at which molten salt
experiments are carried out (500 °C).

Figure 7.1 shows the binary phase diagram of bismuth and lithium, with the lithium
concentration increasing from left to right. The phase diagram of lithium-bismuth has been
shown over the potassium-bismuth phase diagram as lithium is the more reactive of the two
metals. Therefore, if a spontaneous reaction were to take place between the molten salt and
the bismuth, it would most likely be with the lithium. During experiments at 500 °C, indicated
by the red line, one alloy forms between the bismuth and the lithium. In these experiments it
is expected that the atomic percentage of lithium will be far greater than that of bismuth (i.e.
to the right of the phase diagram) and that a mixture of the lithium and the LisBi alloy will be
present. As there will be other species in the system, it is important to test whether any reaction
takes place, and whether a stable interface can be formed between the molten salt and the

liquid bismuth cathode.

To test this, a ceramic crucible filled with 41.9380 g beads of bismuth was placed in the bottom
of 50.2332 g LKE and held at 500 °C for 2 hours. The LKE was electrochemical dried using

the method described in chapter 6, and electrochemical measurements were taken at intervals
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during the course of the experiment. A CV of 1.276 g BiCls in 50 g LKE was then measured
as a reference for the Bi**/Bi° redox potential and superimposed upon the time-dependent
bismuth metal in LKE CVs.
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Figure 7.2: Comparison of CVs at a tungsten electrode in LKE at a sweep rate of 200 mV s*. The
first sweep is of LKE with BiCls, and the subsequent sweeps are of LKE with a bismuth liquid
pool immediately after the LKE was electrochemically dried and 30, 60 and 120 minutes after
electrochemical drying.

Figure 7.2 shows the CVs recorded in LKE with the Bi pool at the bottom of the crucible on a
tungsten electrode at a sweep rate of 200 mV s* vs an Ag/AgCl reference electrode. The LKE
was electrochemically dried using the method described in chapter 6, and electrochemical
measurements were taken at intervals during the course of the experiment: immediately after
drying, and after 30, 60 and 120 minutes. An additional CV was later measured of 1.276 ¢
BiCl; in 50 g LKE at a tungsten electrode at a sweep rate of 200 mV s* vs an Ag/AgClI
reference electrode and has been superimposed over the CVs recorded with the Bi pool in the
LKE. The inset CV shows the full scan range, with the negative solvent limit having narrowed
to -2.40 V in the CV of BiCls in LKE rather than the typical -2.65 V seen in Chapter 6 for the
electrochemical drying of LKE. This narrowing of the potential window is due to the formation

of the Li3Bi alloy, which has a stabilising effect over the reduction of Li* at the solvent limit,
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where Bi has already been plated at the working electrode. When the LKE with BiCls was
cooled, a thin film of bismuth was found to have lined the bottom of the crucible, where liquid
bismuth which had deposited on the working electrode had dropped off.

In Figure 7.2, the main oxidation and reduction peaks at 0.2 V and -0.4 V respectively are of
the BIiCls in LKE without the liquid bismuth metal in the salt. The sharp peaks between
0.75V and 1.00 V in the remaining CVs is due to the residual oxidation of oxygen where the

salt was not thoroughly dried in the initial drying stage.

Visual inspection of the bismuth pool in the molten salt appeared to indicate that a clear and
stable boundary had formed between the two liquids, as could be expected given the significant
difference in their densities (approximately 1.6 g cm= for LKE and approximately 10 g cm
for bismuth).

Figure 7.3: Images of 1) a liquid bismuth pool in LKE at 500 °C, 2) cross-section of Bi pool in
LKE once cooled and 3) solidified Bi surface from Bi-LKE interface.
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Figure 7.3 shows images of the liquid bismuth at the bottom of the molten LKE in the glassy
carbon crucible at 500 °C, the clear boundary between the two once the salt and metal were
frozen under cooling, and the surface of frozen bismuth when separated from the solidified
LKE. As the two liquids both solidify at different temperatures, 353 °C for LKE® and 271 °C
for bismuth, the surface of the bismuth in image 3 may have been influenced by the solidifying
of the LKE. The relative smoothness, and lack of adhesion between the bismuth and the LKE
would suggest that there was no interaction between the two liquids; however it is possible

that some reaction had taken place despite them being immiscible.

Five samples were extracted from this LKE pellet at varying points across the pellet, and
analysed for their bismuth content using ICP-AES. A further sample was collected from the
bismuth, and analysed for its lithium and bismuth content. In each of these 5 LKE samples it
was not possible to detect any bismuth within the 1 ppm detection limit of the ICP instrument.
Furthermore, lithium and potassium were not detected in the bismuth sample above the 5 ppm

limits specified in the specification sheet for the bismuth from sigma-aldrich.

These results demonstrate that the liquid bismuth-LKE interface is stable, and no reaction is
taking place between the two. This demonstrates that bismuth is an ideal liquid to use as a
liquid metal cathode on the grounds of its physical properties, and can be easily used for

fundamental studies of the deposition of species at a liquid cathode in a molten salt.

7.3 Deposition of Lanthanum at a Liquid Bismuth Cathode

In the molten salt reprocessing system for selective separation and recovery of spent nuclear
fuel, a liquid cathode in utilised to selectively alloy with transuranic elements and facilitate
their recovery through electrodeposition. The alloy formation is proposed to reduce the energy
required to recover these species, with the species, or its alloy, dissolving into the bulk liquid

metal.

As observed in Sections 4.2 and 4.4 during the ambient temperature experiments using a
mercury cathode in aqueous solutions, the deposition of a metal and resulting formation of an
alloy with the liquid metal exhibits a characteristic current response. To verify that this

response was not unique to the Zn-Hg amalgam in aqueous solutions, the phase diagrams of
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bismuth with a number of other metals were considered to find a suitable pairing which would

form one or more alloy with the bismuth.

Of those identified, lanthanum was chosen because of its direct relevance to the molten salt
processing system, which would require the selective recovery of lanthanum at a liquid

cathode as part of the separation process.
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Figure 7.4: Binary phase diagram of bismuth-lanthanum system®, with the concentration of
lanthanum increasing from left to right. The red line indicates the temperature at which molten
salt experiments are carried out (500 °C).

Figure 7.4 shows the binary phase diagram of lanthanum and bismuth. At the temperature of
interest, 500 °C (indicated by the red line), there are five known alloys of bismuth and
lanthanum. With increasing concentration of lanthanum, these are LaBi», LaBi, LasBis, LasBis3
and La,Bi. As with the Zn-Hg alloys, the liquid metal has the greater density, and the density
of these alloys decrease with increasing lanthanum concentration. As these alloys are less
dense than the liquid bismuth, it can be expected that these alloys will float on the surface of

the liquid cathode as they form. As each alloy remains at or close to the electrode surface,
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further reduction of lanthanum is likely to promote the formation of the next alloy. As the less
dense, solid alloys build up at the surface of the electrode, a solid crust will form and

potentially lead to dendritic growth.

The propensity for dendritic growth will be a function of the rate of dissolution of the alloy
into the liquid bismuth compared to the rate of deposition at the electrode surface. In the case
of zinc deposition at the mercury cathode, the formation of dendrites was more readily
achieved on the microelectrode, and evidence for the the formation of the alloys in the current-
time transient was more prominent. In the Zn-Hg case, the microelectrode benefitted from
enhanced diffusion of Zn ions to the electrode surface, and hence Zn ions were deposited at
the electrode surface faster than the alloy could diffuse into the bulk mercury. On the macro
electrode, the alloy formation was not observed in the current-time transient as an insufficient

amount of zinc was reduced at the electrode surface to promote formation of the second alloy.

In the molten salt experiments in this chapter, only macro electrodes were used, and formation
of the different alloys may not be possible if the alloys diffuse into the bulk at a greater rate

than the diffusion of La to the electrode surface.

To establish the potential at which the lanthanum would deposit at the bismuth cathode, CVs
of LaCl; in LKE were measured at tungsten and bismuth electrodes against a silver/silver

chloride reference electrode.
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Figure 7.5: CVs of 1.5490 g LaCls in 75.8649 g LKE at a sweep rate of 200 mV s vs Ag/AgCl
reference electrode at a solid tungsten electrode and a liquid bismuth electrode.

Figure 7.5 shows the CVs of lanthanum on each of the electrodes, and a clear decrease in the
reduction potential of lanthanum was observed on the bismuth cathode. On the tungsten
electrode, the reduction potential of lanthanum was consistent with previously reported value®
and measured as -2.10 V. On the bismuth electrode, 3 reduction waves were observed at -0.57
V, -0.85 V and -1.08 V with corresponding oxidation waves at -0.90 V, -0.71 V and 0.06 V.
As bismuth metal has already been shown to be stable in the melt, these reduction waves could
only be due to the reduction of lanthanum forming an alloy with bismuth or possibly with the
lithium in the eutectic.

As observed in the CV of BiCls in Figure 7.2, bismuth can be oxidised in LKE at 0.2 V, so the
positive limit of the sweep was limited to this potential as to not strip any of the cathode metal
into the molten salt. In Figure 7.2 the reduction potential of Bi in LKE was also measured as
-0.40 V. Whilst a small oxidation peak is observed at the positive limit of the CV sweep, any

corresponding reduction of bismuth is not observed in the CV at the liquid electrode, and the
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magnitude of the reduction waves negative of -0.50 V are too large to be attributed to a small
contamination of bismuth oxidised from the cathode.
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Figure 7.6: Binary phase diagram of lanthanum-lithium system!!, with the concentration of
lithium increasing from left to right. The red line indicates the temperature at which molten salt
experiments are carried out (500 °C).

Figure 7.6 shows the binary phase diagram of lanthanum and lithium, with the temperature of
the molten salt, 500 °C, indicated by a red line. Crucially, the phase diagram shows that at all
concentration ratios at this temperature, and indeed between 0 °C and 1000 °C there are no
known alloys of lithium and lanthanum. This confirms that the reduction waves observed in

the CVs of LaCls at a liquid bismuth cathode in Figure 7.5 are due to the reduction of
lanthanum.

The three distinct oxidation and reduction waves are due to the reduction of La* to La°® and
subsequent formation of LaBi; alloy. This was previously reported during investigations using

cyclic voltammetry into concurrent recovery of La and Pu at a bismuth film electrode!?, where
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Pu was found to preferentially alloy with Bi under current-controlled deposition, despite

having a more negative reduction potential.
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Figure 7.7: Current -time transient for the reduction of La (111) at a Bismuth electrode at -1.00 V
vs Ag/AgCI from 1.5490g LaClz in 75.8649g LKE.

Figure 7.7 shows the current-time transient of the reduction of lanthanum at a bismuth liquid
cathode at a potential of -1.00 V over 2600 seconds. During the reduction, distinct phases can

be observed in the current response.

Initially the current spikes as the double layer is charged, before decaying to -0.04 A by 250
seconds. Between 250 and 1000 seconds, the current decays linearly to 0.03 A with the small
fluctuations in the current between data points, which are largely within the measurement error
of the potentiostat. After 1000 seconds, the current suddenly drops before oscillating at about
0.025 A until 1900 seconds, when there is a further drop in the current to 0.015 A, which
quickly returns to a steady current of 0.023 A.

The initial phases of current decay are likely to be caused by diffusion limited control. Initially,
the double layer charge is established, and the current drops to steady state where the

lanthanum diffuses to the electrode surface. After approximately 250 seconds, the surface of
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the liquid electrode is saturated with the LaBi; alloy, which then diffuses into the bulk bismuth.
Between 250 and 1000 seconds, the reduction of La is controlled by the reaction with the

reduced La.

In studies of concurrent recovery of Pu and Li at a bismuth pool?, exceeding the solubility
limit of Pu at the Bi-LKE interface was found to lead to an accumulation of solid intermetallics,
which blocked the electrode. After 1000 seconds, the drop in current is indicative of a similar
formation where the saturation limit of La at the Bi-LKE interface is exceeded and the
electrode behaves as a solid LaBi. cathode. Solid deposition of La at the alloy then occurs at

a rate controlled by La diffusing to the solid electrode.

The fluctuations in the current between 1000 and 1900 seconds are typical of dendritic growth,
however the current does not rise continuously over this time. It is possible that in this phase
of the reduction, small dendrites are growing and detaching at a similar rate, such that there is
no overall increase in electrode area. This would be possible if the dendrites had poor
mechanical strength, combined with the elevated temperature in the molten salt, greater natural

convection and vibrations from the equipment in the lab.

The reason for the sharp drop in current at 1900 seconds is unclear, but could have been due
to an external disturbance (as the molten salt experiments were carried out in an open lab) or
due to a temporary passivation or disturbance in the electrode surface. After the immediate
drop in current, the current returns to a similar value as before the disturbance, but is far more
stable. It is most likely that at 1900 seconds an external disturbance displaces the fragile
dendrites, and cleared the surface of the electrode with La to continuing to deposit at the
smoothed surface.

After 2600 seconds of La deposition, the electrodes were withdrawn and the experimental cell
was cooled under argon to freeze the salt and the cathode. The cell was then disassembled in
an argon glovebox and the salt pellet dissected with images taken of the salt pellet, the
solidified cathode. A fragment of the salt pellet was then removed from the glove box and

dissolved in de-ionised water.
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Figure 7.8: Images of lanthanum dendrites and Bi-La alloy formed at a liquid bismuth electrode
in LKE after the salt had been frozen, removed from the crucible, and dissected (under argon).

Figure 7.8 displays the images captured of the frozen LKE and solidified cathode. Images 1
and 2 show cross-sections of the LKE, with a thin layer of grey-black particles visible along
the lower face of the LKE. Image 3 shows the LKE pellet dissolving in water, freeing the
particles which darken in colour as they settle in the bottom of the salt solution. Images 4 to 9
are of the solid bismuth as the salt is picked off and the bismuth is removed from the ceramic

crucible.

In Figure 7.8 images 5, 6 and 9, the face of the cathode which was exposed to the molten salt
is visible. It is possible to discern where the sheathed electrical connection to the liquid metal
was during the experiment from the bright, silver circle visible on the surface. Surrounding
this circle, where the bismuth formed the electrode surface, a dull, blue-grey roughened surface
has formed, and this is robust to picking and scratching with a sharpened blade and pick

showing that it is embedded it the solid metal.
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The side-on pictures of the bismuth in Figure 7.8 images 7 and 8 reveal a layered structure to
the solidified cathode, with the expected silver-grey bismuth to the bottom of the cathode,
capped by blue-grey layer, roughly half the depth of the electrode. This layer of an
intermetallic compound is the LaBi; alloy which had become saturated at the surface of the Bi

pool, which inhibited diffusion of Bi to the electrode-LKE interface, and hence further alloy

formation.
0.035 -
0.5
0.030 041
0.31
0.025 - <
= 0.2
< 0.020- 0-1’L
~
— 1 0.0+ 7 T T T T
0 500 1000 1500 2000 2500
0.015 -
t/s
0.010 -
0.005 -
0.000 T T T T T T T T T T
0 500 1000 1500 2000 2500

t/s

Figure 7.9: Current -time transient for the oxidation of La (I11) from a liquid bismuth electrode
at -0.20 V vs Ag/AgCI.

Figure 7.9 shows the current-time transient of the re-oxidation of lanthanum which had been
deposited at a bismuth cathode using the same method to that used when measuring Figure
7.7. The potential for oxidising the lanthanum was held at -0.20 V to avoid inadvertently

oxidising bismuth from the cathode, which would cause an error in the measurement.

During this oxidation, significantly less charge is passed than during the reduction and the
current-time transient is largely featureless beyond the charging of the double layer and decay
to steady-state current. It is possible that the alloy formed with the bismuth is so stable that a

more positive potential is required to strip the lanthanum from the electrode. However, shifting
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the potential more positive could equally result in the bismuth being oxidised, resulting in a

false reading.

When the cell was cooled and the bismuth removed, the solidified bismuth, although having a
smoother, brighter appearance on the exposed face, still had a layered cross section, supporting

the idea that the alloy remained stable at the applied potential.

Compositional analysis of the metal was not carried out. However, in future work it would be
beneficial to confirm the composition and structure of the solidified cathode product as this

may give a useful insight into the formation of alloys in a liquid cathode.

In a reprocessing system, mechanical stirring could be used to overcome the problem of
saturation at the surface of the liquid metal. However, the diagnostic responses identified in
this work are crucial to understanding when mechanical stirring is required. Understanding
how and when stirring should be employed is a key step to building a molten salt re-processing
system, and with suitable sensors and an understanding of when dendritic or solid growth is

occurring, should be the subject of future work.

7.4 Growth of Iron Dendrites at a Liquid Cathode in LKE

Having established that it is possible to identify when a solid alloy is forming at a liquid
electrode-LKE interface, additional work was carried out to identify when dendritic growth
from the electrode surface was taking place. In Section 7.3, the diagnostic response in the
current-time transient for alloy formation identified at a mercury cathode in aqueous solutions
were seen to also be representative of alloy formation at a liquid metal cathode in LKE. In this
section, the electrochemical response of dendrite formation at a liquid cathode in LKE will be
investigated and compared to the observations of dendritic growth made in chapter 4.

In studying dendritic growth at a liquid cathode in LKE it was important to choose a redox
species, which when deposited at the cathode surface would not form an alloy with the liquid
cathode, or be soluble in the liquid metal. Historically, iron deposition in molten salts has been
extensively studied for powder metallurgy applications and in effort to develop a commercially
viable electrorefining and electrowinning process to extract iron from scrap iron, pig iron and
its ores'*>?!, From these studies, iron has a known tendency to deposit as dendritic growth, and

whilst methods have been established to reduce dendritic growth and obtain high purity iron
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deposits with good current efficiency® 2, dendritic growth is the prevailing mechanism of
deposition. As iron is one of the likely components in the spent fuel that will be dissolved in
the molten salt during re-processing, dendritic growth at the liquid cathode will disrupt the
separation and recovery processes. This makes it an ideal candidate for study at a liquid
cathode in LKE, as the observation of dendritic growth will be directly comparable to that
which may occur in the reprocessing system.
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Figure 7.10: Binary phase diagram of bismuth-iron system?, with the concentration of iron

increasing from left to right. The red line indicates the temperature at which molten salt
experiments are carried out (500 °C).

Figure 7.10 shows the binary phase diagram for bismuth and iron. The temperature of the
molten salt experiments, 500 °C, is indicated by a red line across all compositions. This phase
diagram confirms that there are no known alloys of bismuth and iron, and that at 500 °C a
mixed phase of the liquid bismuth and the iron in its room temperature structure will exist.
The density of solid iron in this structure is 7.89 g cm™, which is less dense than the bismuth,
so deposited iron should float on the surface of the liquid bismuth pool.
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Figure 7.11: Binary phase diagram of iron-lithium system?*, with the concentration of lithium
increasing from left to right. The red line indicates the temperature at which molten salt
experiments are carried out (500 °C).

The binary phase diagram for lithium and iron in Figure 7.11 also shows that there are no
known alloys between iron and lithium, so any electrochemical response measured between

the negative solvent limit and the oxidation potential of bismuth can be attributed to the
reactions of iron.
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Figure 7.12: CVs over the full LKE solvent window of 0.6685 g FeCl2 in 80.3127 g LKE at a
tungsten cathode vs an Ag/AgCl reference electrode at a sweep rate of 200 mV s*. The LKE was
electrochemically dried using the methodology described in Chapter 6.

In Figure 7.12 the CVs of FeCl, in LKE at a tungsten electrode vs an Ag/AgCI reference
electrode are shown pre- and post- electrochemical drying using the method described in
Chapter 6. In the as-fused and partially dried LKE, the wave for the oxidation of oxygen can
be seen between 0.50 V and the solvent limit at 1.25 V and a wave for the reduction of
hydrogen can be seen at about -1.60 V. In the as-fused LKE, the reduction of hydrogen at the
electrode surface enhances the deposition of iron, resulting in a large reduction wave of
hydrogen and iron below -1.50 V and an associated increased oxidation peak for the iron at
-0.15 V.

In each of the three CVs, the iron is seen to be reduced in a single, 2-electron process with

reduction peaks at -0.50 V and corresponding oxidation peaks as -0.20 V.
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Figure 7.13: CVs of 0.6685 g FeClz in 80.3127 g LKE at a tungsten cathode vs an Ag/AgCl
reference electrode.

Figure 7.13 shows additional CVs of FeCl, in LKE at a tungsten working electrode with
varying sweep rates. At slower sweep rates a pre-peak is visible in the oxidation peak, where
iron is first stripped from underlying iron, and then stripped from the tungsten surface. As the
sweep rate is increased, less iron is deposited, and the feature in the oxidation peak becomes

less prominent.

Having established the redox potentials of the FeCl, on the solid tungsten electrodes, it was
necessary to identify where iron would be reduced and oxidised on the liquid bismuth
electrode.
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Figure 7.14: CVs of 0.6685 g FeClz in 80.3127 g LKE at a liquid bismuth cathode.

Figure 7.14 shows the CVs of FeCl, in LKE at a bismuth pool electrode vs an Ag/ AgCI
reference electrode at varying sweep rate. In these CVs, the reduction peak was measured at
-0.55 V and the oxidation peak was measured at -0.40 V equating to a negative shift in the

required potential to reduce iron at the liquid bismuth cathode over the solid tungsten cathode.

Having established the potential required to reduce iron at the liquid electrode, the current-
time transient of iron deposition was recorded over 4000 seconds, with the potential of the
bismuth cathode held at -0.65 V.
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Figure 7.15: Current -time transient for the reduction of Fe (11) at a bismuth electrode at -0.65 V
vs Ag/AgCI from 0.6448 g FeCl2 in 71.3981 g LKE.

Figure 7.15 shows the current-time transient recorded during the reduction of Iron at the liquid
cathode. Between 0 and 60 seconds the potential was held at 0 V to ensure that any iron which
may have deposited on the liquid cathode was re-oxidised whilst not oxidising any bismuth
from the cathode into the LKE. At 60 seconds the potential was switched to -0.65 V and the
current spikes negative to -0.16 A as the double layer is charged. Within the first 60 seconds
of deposition (120 seconds in Figure 7.15) the current decays to -0.017 A as iron depositing
on the electrode surface is limited by the rate of diffusion to the electrode. Once a number of
nucleation sites have deposited on the surface of the electrode, the current begins to rise, as
the iron deposits grow dendrites from the surface of liquid pool. Between 120 and 1060
seconds, the current remains fairly stable as the dendrites grow within the boundary of the
ceramic crucible, but above the liquid surface. After 1060 seconds, the current continues to
rise progressively to -0.085 A over 3000 seconds as the dendrites spread outwardly into the

molten salt. After 3000 seconds an event, likely to be detachment of dendrites from the
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electrode, causes the current to drop to -0.060 A. The current then follows a similar pattern of

growth and drops until the applied potential was disconnected after 4060 seconds.

This pattern of current growth is representative of the dendrites growing away from the surface
of the bismuth pool and increasing the effective electrode area. The drops in magnitude of the
current are typical of dendrite detachment seen in the agueous experiments in Chapter 4 and
could be triggered by enhanced convection at the elevated temperatures or vibration from an
external source. Sharp increases in the magnitude of current also occur at 1250, 1900, 2700
and 3800 seconds. These increases could equally be due to dendrites either re-attaching to the
electrical connection, or a geometric change in the dendrites owing to convection, which

results in a greater area being exposed to the bulk FeCl,-LKE mixture.

After 4000 seconds of deposition, the sheathed electrode was withdrawn just enough to remove
it from the bismuth pool so as not to significantly disturb the dendrites, and the molten salt cell
was cooled under argon to freeze the LKE and liquid bismuth. The experimental cell was then
transferred to an argon glovebox and frozen LKE pellet removed from the glassy carbon
crucible. The pellet was carefully dissected under argon, and images were captured of the

solidified LKE and contents trapped in a matrix in the salt.
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Figure 7.16: Images of iron dendrites at a liquid bismuth electrode in LKE after the salt had been
frozen, removed from the crucible, and dissected (under argon).

Figure 7.16 shows images of iron deposits within the LKE and deposited at the liquid bismuth
surface as the frozen salt from the deposition in Figure 7.17 was dissected under argon. In
images 1, 3, 5, 8 and 9 a network of dendrites can be seen to be trapped within the salt. Images
2 and 7 show bright yellow-brown deposits on the surface of the normally silver-grey bismuth,
and in image 6, a metallic, yellow growth can be seen projecting from the electrode surface as
the salt was scraped away. Image 4 shows the underside of the LKE pellet, with the bottom of
the ceramic crucible surrounded by black particles trapped in the molten salt as seen in Figure

7.8 image 1 of La deposits at the bottom of the crucible.
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In image 1, a horizontal cross-section from the LKE above the bismuth filled crucible, the fine,
yellow-brown dendrites can be seen to spread from above the working electrode at the bottom
of the picture, across the solidified salt to where the counter and reference electrodes were
located. The location of the working electrode can be identified, even if the location was not
already known, as the coloration of the LKE directly above the working electrode, is darker
and the dendrites are visible in a greater density. The absence of coloration around the
perimeter of the pellet and in other areas of the LKE confirm the coloration is not due to the
FeCl; having been dissolved throughout the LKE, as this would result in a homogeneous

colour.

Having confirmed that the electrochemical indicators of dendritic growth during deposition in
the current response is similar to the diagnostic behaviour observed under ambient
temperatures in aqueous solutions, attention was drawn on the indicators in the

electrochemical impedance spectroscopy.

During the reduction of iron at the liquid bismuth cathode shown in Figure 7.15, concurrent
EIS measurements were recorded at defined intervals to measure changes at the surface of the

liquid bismuth electrode.
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Figure 7.17: Nyquist plots of impedance spectroscopy at OCP of a liquid bismuth electrode during
deposition of Fe at -0.65 V vs Ag/AgCI from 0.6448 g FeCl2 in 71.3981 g LKE.
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Figure 7.17 shows the Nyquist plots of the impedance measurements on the electrode during
the deposition of Fe dendrites. Unlike in chapter 4, there is no immediately obvious change
between the plots. However, the length of the Warburg line does decrease significantly after a
short time, indicating that the overall resistance is decreasing as the dendrites form at the
electrode surface. A decrease in resistance can be directly related to an increase in electrode

area, therefore indicating dendritic growth at the liquid electrode.
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Figure 7.18: Expanded Nyquist plots of impedance spectroscopy at OCP of a liquid bismuth
electrode during deposition of Fe to show Rs values on the Z' axis.

Figure 7.18 shows an expanded view of the Nyquist plot in Figure 7.17 to emphasise the
reduction in solution resistance measured using EIS during the dendrite growth. Prior to any
deposition taking place, the solution resistance was measured as approximately 6 Q. After
600 seconds of iron deposition, at about the point in the current-time transient when the current
is at a minimum, the solution resistance showed a marked decrease to 5.7 Q and continues to

decrease with further dendrite growth.
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Throughout the deposition experiments at both mercury cathodes in aqueous solutions and
liquid bismuth cathodes in molten salts, the solution resistance measurements provide a good
indication of when dendritic growth is occurring. This characteristic behaviour is easily
monitored during deposition, and can be used to provide an early warning to dendritic growth

in a molten salt reprocessing system.

7.5 Conclusions and Further Work

In this chapter the electrochemical behaviour of deposition at a liquid metal cathode has been
studied to identify potential diagnostic signals that can be used to identify when dendritic

growth is taking place in a molten salt reprocessing system.

Lanthanum was investigated as it readily forms an alloy in the desired process for enhanced
recovery from a molten salt at a liquid cathode. The use of liquid cathodes in the molten salt
reprocessing systems is desirable as the reduction potentials of actinides and lanthanides is
shifted positive at liquid electrodes when compared to solid inert electrodes?. Furthermore,
the reduction potentials of actinides and lanthanides are compressed, increasing the efficiency
of concurrent actinide and lanthanide recovery by electrolysis. Lanthanum was seen to form a
stable alloy with the liquid bismuth metal, and was reduced at the liquid cathode at a more

positive potential than at a solid tungsten electrode.

During the deposition of La at the bismuth cathode, it was possible to saturate the Bi-LKE
interface with the LaBi, alloy, blocking further alloying from taking place, and promoting
solid growth at the cathode surface. During the reprocessing of spent fuel in a molten salt this
could be avoided through mechanical stirring of the liquid metal, however it is necessary to
know when this saturation point is being reached so that mechanical stirring, or another
mitigating step can be taken. A diagnostic rate change of deposition, and fluctuating current

during reduction has been identified for indicating when this limit is reached.

Future work should focus on using these indicators to determine the factors which influence
the rate at which the saturation limit is reached; investigate how the deposition rate could be
controlled to avoid saturation; and be used to determine the ideal conditions for mechanical

stirring of the liquid metal.
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By investigating the behaviour of iron deposition at the liquid bismuth cathode, it was possible
to confirm that the indicators of dendritic growth that had been identified in the deposition of
copper dendrites at a mercury cathode. These indicators include period of steady current
followed by an erratic, “noisy” but continually rising current, with sudden drops in current
when dendrites detached from the electrode, and a measurable decrease in the solution

resistance.

As solution resistance is typically fixed in a given solution for a given electrode area and fixed
distance between electrodes, the drop in solution resistance is indicative of either an increased
electrode area, a reduced distance between the working electrode and the reference electrode,
or both. When dendrites form, they grow outwardly from the electrode surface, which
increases the electrode area, and usually decreases the distance between the working electrode
and the reference electrode.

Having identified that a reduction in the solution resistance at a liquid cathode is a diagnostic
indicator of dendritic growth in a molten salt, further work should look to identify how

geometric arrangement of the electrodes could promote an early indication of dendritic growth.
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8 Conclusions and Further Work

This work has investigated a number of advancements in using liquid metals as cathodes in
molten salts. These developments are crucial in the research, design and implementation of a
molten salt reprocessing system for the separation and recovery of spent nuclear fuel and

enabling a closed loop fuel cycle.

This work addresses three key issues to be overcome in the development of reprocessing spent

fuel in a molten salt refiner, namely:

e Significantly, how dendritic growth at liquid cathodes can be detected through the
electrochemical response during deposition.

e How molten salts can be prepared through electrolysis of water instead of using
reactive gasses to prevent an oxidising or reducing environment and record accurate,
reliable electrochemical measurements.

e The wetting behaviour of LKE of metals and other semi-conductor materials that can

be used to develop microelectrodes suitable for online analysis.

Initially this work focussed on progressing previous work on ambient condition liquid
cathodes in aqueous solutions as analogue systems for liquid metal cathodes in high
temperature molten salts. Efforts then focussed on developing the molten salt experimental
system, tools and associated methodologies before testing liquid cathodes in a molten salt.
These liquid cathodes were then used measure the deposition of alloying species and dendritic
growth at a liquid cathode for comparison to the aqueous experiments.

In Chapter 4 an aqueous liquid cathode system was studied as an analogue to the liquid cathode
in a molten salt reprocessing system to avoid the technological complications of such systems
at elevated temperatures and sealed atmospheres.

The deposition of zinc at a liquid metal cathode constructed from a large mercury pool was
used to investigate the mechanism for deposition and amalgamation of species that are

expected to alloy readily with the liquid electrode in the molten salt process.

The zinc was first observed to undergo a diffusion-limited reduction at the metal surface,
where the rate of diffusion of zinc into the bulk mercury controlled the reaction rate. Upon re-

oxidation of the zinc, the current initially followed a rate-limited diffusion curve as the zinc
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diffused out of the liquid mercury and away from the electrode. This diffusion was truncated,
as the zinc had only diffused part way into the electrode, and not fully throughout the whole

bulk of the mercury.

Whilst it was not possible to get a good fit of the current-time curve to the bounded Cottrell
equation, this confirms that the rate of reaction is governed by the diffusion of zinc in the
liquid mercury, rather than zinc in the aqueous solution. Future work should investigate this
effect, including considerations of whether the Fick’s law derived Cottrell equation is the
appropriate equation for fitting, or whether modification is required to model the diffusion in
the liquid cathode as well as in the diffusion double layer. Future work should also investigate
the fundamental principles of diffusion of an alloyed species in a liquid electrode and the

influence of mechanical stirring on species reduction and subsequent alloy formation.

Copper was also reduced at a liquid mercury cathode, and the formation of dendrites observed
both optically and electrochemically. Diagnostic behaviour for the formation of dendrites was
identified in correlation with the visual inspection of dendrite growth, so that a method of

electrochemically detecting when dendrites form can be developed.

This is an important characteristic when operating a molten salt system with a liquid cathode,
as it will not be reasonably practicable to visually monitor the electrode surface for dendritic

growth.

The reduction of zinc and copper at micro-scale liquid electrodes was then investigated to
support the development of sensors for detecting dendritic growth in a molten salt reprocessing
system.

With zinc, it was possible to drive the reduction of zinc to the point that a solid alloy was
formed between the zinc and the mercury. Whilst dendrites were not observed to grow from
the electrode surface, the growth of a solid crust over a liquid electrode in a molten salt process
is equally damaging, as the required amalgamation will not be achieved and the target species
shall plate out as solids. Changes in both the chronoamperometry and EIS spectra were
highlighted as being distinctive for the formation of a solid reduction product, and are

proposed as characteristic indicators for solid deposition at a liquid cathode.

The reduction of copper at the liquid microelectrode also resulted in a solid deposition. In this
instance dendrites grew extensively from the electrode surface, visibly protruding into the

solution. Even when the electrode was removed from the solution, much of the dendrites
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remained attached. Chronoamperometry to induce reduction and oxidation of copper on the
microelectrode are consistent with observations on macroelectrodes, although the oxidation of
copper from the microelectrode appeared to be much more ordered. The reason for why the
current response during oxidation is not clear, and should be the subject of future work, along
with understanding the destruction of the liquid metal deposited on the underlying micro-

square.

The electrochemical impedance spectra recorded during the liquid cathode experiments were
not fit to an equivalent circuit, and the raw measurements were used for data analysis and
interpretation. Attempts to fit these spectra to simple circuits did not yield meaningful results,
with the liquid cathode’s electrical response characteristics not appropriately represented by
inclusion of a capacitor, resistor or constant phase element in typical circuits. Future work
should consider the correct equivalent circuit and appropriate fitting for these measurements,
and analyse any subsequent features arising from correctly fitting the data.

Given these observations, there are three clear electrochemical indicators which can be used

to indicate when dendritic growth is taking place. These principle indicators are:

1. The rapid increase in current flow as surface area increases significantly due to fern
like growth.

2. High frequency fluctuations in current as dendrites mechanically detach and reattach
to the electrical circuit.

3. Reduction in the solution resistance measured by EIS, as the concentration of
depositing metal at the surface of the liquid increases, and subsequent nucleation of
dendritic growth occurs.

Having established the principle indicators for dendritic growth and the formation of alloys at
the liquid cathodes under ambient conditions, a molten salt system needed to be developed for

comparative experiments in molten salts and validation of the analogue system.

In chapter 5 a method for measuring the wetting of molten salts on surfaces has been developed
and benchmarked against known measurements. Differences have been shown between
contact angle measurements in controlled atmospheres and when the substrate and molten salt

are exposed to air and moisture. The system has been shown to successfully overcome the
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problem of oxygen ingress and maintain an anhydrous atmosphere for the molten salt and

metal surfaces which could be oxidised in air at elevated temperatures.

Using the measurements recorded during this work, it is possible to make informed choices
when designing and fabricating molten salt systems. This includes, but is not limited to the
structural and containment components of a reprocessing system, in the fabrication of
microelectrode sensors for use in LKE and in auxiliary equipment required to operate the

system.

Understanding the interaction between molten salt and these materials is important to build a
robust and efficient system, just as the interaction between the construction materials and the

liquid metal used for the cathode will be important in corralling the liquid cathode.

Having developed the system to measure the contact angles of molten salts on surfaces at
450 °C, the system should be used to measure the interaction of LKE with wider range of
materials, and the influence of surface preparation should be investigated. Crucially these

measurements could be used to measure the surface tension of molten salts.

Modifications to the system should also be considered to facilitate the measurement of liquid
metal contact angles on these surfaces. These measurements, and investigations into surface
treatment effects on the wetting by liquid metals will inform the design of a microelectrode
where the liquid electrode can be corralled into a micro-droplet for use as sensing tool in a

reprocessing system.

In Chapter 6, the method of electrochemical drying demonstrated offers a number of
advantages over the traditional chemical methods employed for drying lithium potassium
eutectic. Furthermore, it is anticipated that this drying method may also be suitable for a

number of other air and water sensitive molten salts.

The method removes oxygen and water contamination from the salt without creating an
oxidizing or reducing environment. The associated electrochemical signatures provide direct
monitoring of the dryness of the salt, enabling a diagnosis as to when complete dryness has
been achieved. Furthermore, this endpoint is self-limiting, as pulsing in vacuo first leads to the
overall removal of H, and O, gas (beneficial drying), whereas further pulsing once dry in

vacuo overall leads to the oxidation of CI- to the stable Cls~ and reduction of Li* to Li metal,
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which simply results in the spontaneous regeneration of LiCl and the retention of a dry LKE

which is neither oxidizing nor reducing.

This method has also been shown to remove oxygen and water from the salt in the presence of
metal oxides and hydrated redox agents. This eliminates one of the difficulties associated with
maintaining a dry and pure melt when adding redox agents to the molten salt following
chemical cleaning. The work with tungsten demonstrates the concomitant removal of surface
oxides and the work with hydrated redox agents demonstrates the removal of solution based
oxides and hydroxides. These aqueous contaminants are then removed from the system as

oxygen and hydrogen gases.

The concomitant removal of surface oxides on liquid cathodes has also been observed, and
should be investigated further to establish a quantitative relationship between the electrode
area, oxide thickness and oxidation current required to prepare the liquid surface for use.

Together, these results make this method of real value in the production and monitoring of
rigorously dry and oxide free LKE. Future work should focus on quantitatively confirming
the relationship between the characteristic response of oxygen and hydrogen such that an
accurate tool for monitoring the contamination of molten salts with water and oxygen can be
developed. Such a tool would be advantageous in a reprocessing system to understand when
the oxygen and/or water contamination may disrupt the process and when salt may need to be

electrochemically dried.

In chapter 7 the electrochemical behaviour of deposition at a liquid metal cathode has been
studied in electrochemically dried LKE to validate the diagnostic signals established in
Chapter 4 to identify when dendritic growth is taking place in a molten salt reprocessing
system.

Lanthanum was investigated as it readily forms an alloy in the desired process for enhanced
recovery from a molten salt at a liquid cathode. During the deposition of La at the bismuth
cathode, it was possible to saturate the Bi-LKE interface with the LaBi, alloy, blocking further
alloying from taking place, and promoting solid growth at the cathode surface.

During the reprocessing of spent fuel in a molten salt blocking of the electrode surface through
solid alloy formation could be avoided through mechanical stirring of the liquid metal. For
this to be implemented it is necessary to know when this saturation point is being reached so

that mechanical stirring, or another mitigating step can be taken. A diagnostic rate change of
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deposition, and fluctuating current during reduction has been identified for indicating when

this limit is reached.

Future work should focus on using these indicators to determine the factors which influence
the rate at which the saturation limit is reached; investigate how the deposition rate could be
controlled to avoid saturation; and be used to determine the ideal conditions for mechanical

stirring of the liquid metal.

By investigating the behaviour of iron deposition at the liquid bismuth cathode, it was possible
to confirm the indicators of dendritic growth that had been identified in Chapter 4. These
indicators include period of steady current followed by an erratic, “noisy” but continually
rising current, with sudden drops in current when dendrites detached from the electrode, and

a measurable decrease in the solution resistance.

Having identified that a reduction in the solution resistance at a liquid cathode is a diagnostic
indicator of dendritic growth in a molten salt, further work should look to identify how

geometric arrangement of the electrodes could promote an early indication of dendritic growth.

Throughout this work, the emphasis has been to develop the use of liquid metal cathodes in a
molten salt to facilitate the recovery of fission products in a spent fuel reprocessing system.
By identifying key indicators of when such a system may or may not be functioning correctly,
this work has developed the tools for fundamental investigation into electrodeposition at liquid

cathodes in molten salts. These tools are:

¢ An electrochemical method for in-situ drying of a molten salt including the removal
of oxides and hydrates arising from redox agents and native oxides on metals. This is
of particular use, as the methodology can be used to restore a system after an exposure
event, as well as in the initial preparation.

¢ A potential electrochemical method for identifying the alloying of species deposition
at a liquid electrode.

e A comparison of electrochemical and optical observations of dendritic growth at a
liquid cathode in both aqueous and molten salt systems.

e A method for measuring the static contact angle of molten salts on selected surfaces
at 450 °C in a controlled atmosphere.

e An enhanced understanding of how LKE wets on a number of materials used in the

fabrication of a molten salt system and associated tools.
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Having developed these tools it is now possible for fundamental measurements of alloying
and recovery of fission products to be measured, and accurate sensors for use in reprocessing
systems to be characterised. Investigations into how molten salts and liquid metals wet on a
range of surfaces are also possible, the results of which can be used to inform the design of

the final reprocessing system.
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