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Abstract. 

Projections of the World Energy Council indicate a significant increase in global energy 

consumption in the medium and long term due to a growing world population and rising 

prosperity whilst global fossil fuel reserves are in decline.  Eighty percent of the world’s 

energy consumption is generated from fossil fuels and this is unlikely to change in the 

short and medium term inevitably leading to energy shortfalls.  The CO2-less energy of 

nuclear fuel shows strong potential to meet the future energy demands.   However 

economic, politic and environmental requirements mean that the nuclear industry must 

adapt its current technology and present fuel usage.  A pyroelectrochemical reprocessing 

system utilising liquid cathode technology could provide an efficient and secure 

reprocessing cycle essential for reduction in volume and toxicity of nuclear waste and 

extension of natural nuclear resources.   

 

The electrochemistry of aqueous copper(II) and zinc(II) chloride was studied upon a 

liquid mercury cathode using cyclic voltammetry.  Bulk deposition of the Cu upon the 

liquid mercury cathode was studied using both amperometry and Electrochemical 

Impedance Spectroscopy.  The surface deposits formed by copper deposition upon the 

mercury liquid cathode were analysed using x-ray powder diffraction and determined to 

be the rare naturally occurring mineral Belendorffite, Cu7Hg6. 

 

Electrochemical diagnostics for surface deposition upon the mercury liquid cathode 

surface were investigated as a potential analogue system for high temperature liquid 

cathode systems.  Bulk deposition investigation of lanthanum upon the high temperature 

bismuth system demonstrated transfer of EIS diagnostics for surface growth, with the 

system demonstrating a similarity to the zinc-mercury ambient system. 

 

An electrochemical technique for purifying LiCl/KCl molten salt using an electrolysis 

technique was demonstrated.  The electrochemical cleaning method forgoes the standard 

chemical treatments that can leave contaminants within the treated salt and results in a 

cleaner less oxidising molten salt eutectic.   
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1 Introduction 

 

1.1 Nuclear Fuel 

 

Nuclear fuel for fission reactors is predominately based on uranium and its 

compounds, the heaviest naturally occurring element which is usually mined as the 

oxide, nitrate or acetate.  There are many uranium mines operating around the world, 

in some twenty countries, though more than two thirds of world production comes 

from just ten mines.
1
 As for all energy supplies the political stability of the nations 

containing the natural resources is a critical factor in the security and viability of the 

fuel supply.  Fortunately almost 50% of known recoverable uranium resources are 

located in either Australia, Canada, U.S.A or South Africa.
2
 Uranium has naturally 

occurring isotopes from 
235-239

U, all of which are radioactive though primarily mostly 

alpha radiation emitters, however 
235

U and some of the decay products are gamma 

emitters, see Figure 1.1.
3,4

 The natural composition of uranium being 
238

U (99.27%), 

235
U (0.72%) and 

234
U (0.0055%).

5,6
 

 

 

Figure 1.1: Decay products for 
238

U in order of appearance.
4
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Nuclear fuel can consist of uranium metal, uranium oxides and a mixture of 

oxides (MOX) of uranium and plutonium.  The uranium contained in the fuel is 

natural occurring mixed isotope uranium, which for civilian applications is enriched 

to contain approximately 3-4% 
235

U; this is in effect accomplished by removing 

approximately 80% of the 
238

U.  The enrichment process commonly utilises either 

diffusion or centrifuge techniques.  The gas diffusion technique, once the principle 

method for isotope separation is increasingly becoming obsolete with advances in 

technology.  The technique involves passing a gaseous uranium hexafluoride stream 

through semi permeable membranes, for the process to be completed in a finite time 

very significant pressure differentials have to be established across the membrane 

resulting in significant energy requirements.
7,8

 The gas centrifuge enrichment process 

has in effect replaced the diffusion process with significant savings in energy though 

requiring large amounts of investment to establish the capability.  The process 

requires large arrays of rotating cylinder centrifuges arranged in parallel series and 

uses the strong centripetal force generated by each centrifuge to separate the 
235

U 

from the 
238

U.
9
 For military purposes the fuel is often enriched to about 70% 

235
U 

and for weapons grade uranium this enrichment reaches 90%.
10,11

 Enrichment of the 

uranium is required because the 
235

U isotope readily undergoes induced fission, the 

process that forms the basis for all nuclear power.  MOX fuels have become more 

attractive since the end of the cold war as they have an advantage of using up stores 

of weapons grade plutonium, with 
239

Pu replacing 
235

U as the fissile element in the 

fuel. 

 

Nuclear fission occurs when a fissile element absorbs a ‘thermal’ neutron 

(approximately 0.025eV kinetic energy) which destabilises the nucleus resulting in 

fission which requires two lighter elements, known as fission products (FP) and two 

to three ejected neutrons depending on how the atom splits.  In a nuclear reactor the 

required mass of uranium is such that the reactor is slightly supercritical, meaning 

that on average more than one ejected neutron will result in the fission of another 

fissile element.
12 

This allows the reactor temperature to be raised or cooled as 

needed.  The process of capturing the thermal neutron and consequent fission is very 
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rapid with a timescale in the order of picoseconds.  The energy released by the decay 

of one 
235

U atom is in the order of 200MeV.
13

 The enormous energy is due to the fact 

that the combined mass of the FP and the ejected neutrons is less than that of the 

original 
235

U.  Thus the loss in mass is directly converted to energy at a rate governed 

by Einstein’s equation E = mc
2
.  The process of nuclear fission can be regarded as 

two discrete stages,
14

 where the first is the formation of a compound nucleus in 

which the energy is stored as if that of a heat motion of a solid body, the second 

consists of either in the release of this energy in the form of radiation or in its 

conversion into a form suited to produce the disintegration of the compound 

nucleus.
15

 

 

In Figure 1.2 an example of fission reactions within a reactor core can be 

seen, where a supercritical chain reaction results from the initial fission of a uranium 

atom resulting in the formation of two FP and the release of three neutrons which 

continue the reaction process.  Such a process rapidly results in a complex mixture of 

fission products within the fuel.  The most common products are highlighted in 

Figure 1.3 but these are by no means the only products formed.
16

 

 

 

Figure 1.2: Reaction flow for two stages of a supercritical nuclear fission reaction 

within a reactor core. 
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Figure 1.3: Periodic table with the most common fission and transuranic products 

highlighted in blue. 

 

1.2 Reprocessing Spent Fuel 

 

After four years of industrial operation a uranium fuel rod will contain 

approximately 96% uranium, 3% fission products and 1% plutonium.
12

 The 

plutonium content occurs via 
238

U absorbing ‘fast’ neutrons and undergoing 

transmutation through a series of beta decays (electron or positron emission), 

equation (1).
5
 

 

 

(1) 

 

A process that can separate the fission products from the uranium and 

plutonium would allow for recovery of significant amounts of valuable fuel.  Apart 

from extending the lifetime of the natural uranium resources, reprocessing reduces 

significantly the volume of the radioactive waste as well as the storage implications 

resulting from the half life duration and toxicity of some of the fission products and 

transuranic isotopes, as shown in figure 1.4.  An economic and efficient reprocessing 
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technique could have strong political implications allaying general negative public 

perceptions.  This could allow for greater investment in the nuclear industry and 

hence potentially routes for lower carbon emissions and more environmentally 

friendly power generation.  Criticism of reprocessing nuclear fuel has included 

concerns over the economics of reprocessing and over the increased risk of 

proliferation of weapons grade plutonium.
12,17,18

 For this reason much of 

reprocessing research is based on improving the efficiency of the system and of 

MOX nuclear fuels. 

 

 

Figure 1.4: Relative radiotoxicity of fission product and transuranic isotopes in spent 

nuclear fuel relative to the radiotoxicity of original Uranium ore mined to 

manufacture the fuel.
19

 

  

1.3 Current Reprocessing Technology 

 

Current processing technology is largely based upon solvent extraction 

although other methods of reprocessing spent fuel are being developed.
17

 Three 
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significant methods of reprocessing are; the Plutonium-Uranium extraction (PUREX) 

process; Argonne National Laboratory (ANL) process and the Research Institute of 

Atomic Reactors (RIAR) process.  The PUREX process is an example of the current 

solvent extraction methods used in the United Kingdom and the ANL and RIAR 

processes are both examples of pyrochemical reprocessing techniques using 

electrochemistry under development in the United States of America and Russia 

respectively. 

 

 

Figure 1.5: Schematic of the PUREX process at the THORP facility in Sellafield 

Cumbria. 

 

The PUREX process was developed during the 1950’s for reprocessing 

metallic and oxide fuel.
5 

From Figure 1.5 it can be seen that the oxide fuel is 

dissolved in concentrated nitric acid and the aqueous stream in contacted with a 

solution of tributylphosphate (TBP) in odourless kerosene (OK) as shown in Figure 

1.6.
20,21

 The UO2
2+

 and Pu
4+

 present in the nitric layer are extracted from the aqueous 

layer into the organic phase.  The plutonium is separated from the uranium by 
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contacting the TBP/OK with a fresh aqueous stream and selectively reducing the 

Pu
4+

 to Pu
3+

 which is then extracted to a fresh aqueous stream.
21,22

 The plutonium 

and uranium are then worked up to their oxide and either stored or returned to the 

fuel cycle.
5
 

 

 

Figure 1.6: Schematic of the solvation extraction stage of the PUREX process 

showing the inlets and outlets of the pulsed column. 

 

The PUREX process is primarily limited by the large volumes of solvent 

waste created, combined with manufacturing process costs and the increasing 

disposal costs, this makes the future of this process quite economically 

unfavourable.
23,24

 The process is also capable of producing weapons grade plutonium 

and for this reason the United States government decided to halt PUREX 

reprocessing in the 1970’s.
12,17,18

 

Following the abandonment by the U.S.A. of the PUREX process, the ANL process 

was developed alongside an Integral Fast Reactor (IFR) program to include a 

pyrochemical fuel recycling process, more of which will be discussed later.
25,26,27

 In 

this process, Figure 1.7, irradiated uranium fuel is dissolved in a LiCl/KCl melt at 

500°C.
12,26

 The metal oxides are chemically reduced to metal by adding lithium 

metal.  
12,25

 The uranium is then purified through an eletrorefining process where the 
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metal fuel is oxidised at an anode and purified uranium is deposited at a cathode.
12,28

 

The waste stream is formed into a glass-bonded zeolite (GBZ) before being placed 

into geologic storage. 

 

 

 

Figure1.7: Schematic of the Argonne National Laboratory reprocessing process. 

 

The RIAR process in development in Russia, Figure 1.8, operates in a 1:2 

NaCl/CsCl molten salt.
29

 MOX fuel is introduced to the melt by oxidative dissolution 

using Cl2.  The melt is treated with a carefully controlled precise mixture of O2 and 

Cl2 to ensure the formation of the plutonyl ion,
29,30

 PuO2
2+

, thus allowing uranium 

and plutonium to be electrodeposited simultaneously at a carbon cathode as UO2 and 

PuO2 deposits.
29,31

 The reduction potentials of the fission products are more negative 

than those of the uranium and plutonium and so remain in the melt thereby allowing 

for the separation of the metals from the impurities in the spent fuel.  After removal 

of salts and crushing, the product is then sent for reuse in the nuclear fuel cycle.  Like 

the ANL process,
12

 the RIAR process is an example of a nuclear proliferation 

resilient technology where a specific design feature is the production of PuO2 of 

MOX rather than weapons grade Pu.
32
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Figure 1.8: Schematic of the Research Institute of Atomic Reactors closed 

reprocessing process. 

 

Both the ANL and RIAR process produce less specific waste, with all the 

waste classified as high, but the volume of waste is minimised.  Build up of fission 

products and transuranic elements (TRU) in the melts results in a heat build up from 

the radioactivity of these elements.
33

 Therefore the FP and TRU must be removed 

from the melt or the melt must be removed from the system.  However both of these 

systems have the potential to become efficient closed systems minimising the risk 

and costs of transporting and storing hazardous and radioactive materials. 

 

 

1.4 Pyrochemical processing 

 

Both the ANL and RIAR processes use pyrochemical systems where high 

temperature oxidation/reduction reactions are carried in non-aqueous media to 

separate out the transuranic, uranium and plutonium from the fission products.
34
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Pyrochemical separations can be achieved by using both electrochemical methods as 

well as chemical equilibrations,
35

 however it is via electrochemical methods that the 

ANL and RIAR processes function as well as the topic of the work to be presented.  

Studies on the function and practicalities of pyrochemical processing of nuclear 

waste have been undertaken since the 1960’s,
36

 however none of these methods have 

been employed on a plant scale in any country other than Russia and tentatively the 

U.S.A.
37

  Currently, there is a renewed interest worldwide in pyrochemical methods 

not only for reprocessing but also for partitioning and transmutation of transuranic 

elements,
38

 as well as interest in how these techniques affect the volume and toxicity 

of both primary and secondary waste.
39

 

 

The pyrochemical process is especially suited to advanced fuels.  In the case 

of metallic alloy fuels, the PUREX process is very cumbersome and costly, since the 

irradiated fuel is brought from the metallic state to an aqueous solution, processed 

and then converted again to metal through a number of re-conversion steps.  The 

pyrochemical reprocessing method, on the other hand, directly yields metal as the 

product.  The processing conditions can be adjusted such that U and Pu can be 

recovered together or separately as well as the TRU.
27

 Eliminating the use of volatile 

solvents and reducing the volume of aqueous streams is a fundamental advantage of 

pyrochemical processing as the decontamination of either stream is both technically 

challenging and expensive. 

 

Pyrochemical processes usually involve molten salts as the solvating 

material, with temperatures commonly elevated above 700°C.  Molten salts are 

inorganic salts, which are generally in the solid phase at standard temperature and 

pressure, such as NaCl or KAlCl4, which at elevated temperatures once heated above 

their melting points are stable in the liquid phase.  High temperature molten salts in 

general maintain many similar characteristics of an aqueous system, their heat 

capacity by volume is similar to water, as are their appearance and viscosity.
40,41,42

 

One fundamental and fortuitous difference between these high temperature ionic 

liquids and an aqueous one is that molten salts contract when solidifying, and hence 

less likely to rupture pipes of processing tanks in cases of system failures.  The 
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principle characteristic of molten salts that industrial practices are interested in 

exploiting, is the ability of the salt to conduct electricity with great efficiency due to 

entirely consisting of ions.  The conductive effect when combined with the solvating 

properties of these high temperature compounds ensure that molten salts have great 

compatibility with the required electro-pyrochemical reprocessing of spent nuclear 

fuels.    When two inorganic salts such as LiCl/KCl are combined together in a 

specific ratio, a eutectic point is observed where the subsequent melting point for the 

mixture is lower than for either of the component salts.  These binary mixtures are 

referred to as eutectic melts and allow for the exploitation of a relatively low 

temperature molten salt condition, for example the melting point of LiCl/KCl (59 

mol%/41 mol%) being 355°C whilst the melting points of LiCl and KCl are 605°C 

and 770°C respectively.
43

 

 

These molten salt pyrochemical systems suit electrochemical processes as 

opposed to an aqueous electrochemical system due to their significantly wider 

solvent window (the potential range constrained between the potentials at which the 

solvent is either oxidised or reduced and hence dominating the electrochemical 

process).  In aqueous systems the solvent window is severely restricted by the 

relatively low potential for hydrogen reduction, whereas in an NaCl molten salt 

system the reductive potential would be limited by the reduction of Na
+
 which occurs 

at a significantly more negative potential and hence a broader solvent window.  For 

the LiCl/KCl molten salt, the salt of principle interest within this work the accessible 

potential range available for electrochemical study is in the order of 3.62V.
43

 Once 

the solvent reduction occurs then this reaction will compete with and even supplant 

that of the desired electrochemistry. 

 

However molten salt systems do have disadvantages, the primary drawback 

being one of cost.  Molten salts are highly corrosive media and require handling 

under a dry inert atmosphere so as not to allow water or oxygen contaminants into 

the system, both of which would affect the electrochemistry adversely.
44

 Nuclear 

reactors and processing chambers intended for use with molten salts have to be 

manufactured out of expensive materials such as Hastalloy (an alloy composed of 
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Mo, Cr, Fe, W, Co, Mn, C, Si, V and Ni) which are resistant to the corrosive nature 

of the fused salts.
45

 As discussed in section 1.3 the molten salt electrolyte will 

inevitably retain some of the FP and TRU during reprocessing stages and will have 

to be subsequently treated to prevent over heating due to the radioactive decay 

processes.
46

 Methods currently under investigation within industry for treating the 

molten salt include passing the molten stream through zeolite columns or the 

addition of phosphate salts to induce precipitation of the FP and TRU.
46

 However it 

should be mentioned that the retention of FP by the solvent process will be 

significantly lower for the molten salt system then that of the PUREX process and 

coupled with the fundamental goal of fabrication of fuel from recovered materials, 

the overall economy and advantages mentioned far outweigh the disadvantages.
37

 

 

1.5 Generation IV advanced fast reactor concepts 

 

A fast reactor nuclear system operates without the standard moderating 

system of a more conventional nuclear reactor.  The reactor relies on fast neutrons to 

cause fission, which is less efficient for a standard uranium fuel rod and hence the 

fuel often requires a significant plutonium content or for a 
235

U content approaching 

20%.  However the number of neutrons produced per fission of Pu or some TRU is in 

the order of 25% greater than for U, hence the fission chain reaction can be 

maintained but also provide enough neutrons to convert 
238

U into more 
239

Pu, fast 

neutrons are much more efficient at this ‘breeding’ process than slow or thermal 

neutrons (Both 238U and 240Pu are "fertile" (materials), i.e. by capturing a neutron they 

become (directly or indirectly) fissile 239Pu and 241Pu respectively).  So a fast reactor 

can both ‘burn’ and ‘breed’ plutonium along with TRU and some FP.  As fast 

reactors can convert 
238

U into fissile material at rates greater than the rate of 

consumption of the fissile fuel, starting material then these reactors make it 

economically feasible to utilise ores with very low uranium content and potentially 

even oceanic uranium salts.
1-3

  

 

Fast reactors in conjunction with fuel recycling can diminish the cost and 

duration of storing and managing reactor waste with an offsetting increase in the fuel 
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cycle cost due to reprocessing and fuel refabrication.
4
 Virtually all long-lived heavy 

elements are eliminated during fast reactor operation, leaving a small amount of 

fission product waste that requires assured isolation from the environment for less 

than 500 years.
5
  About twenty Fast Neutron Reactors (FNR) have already been 

operating, some since the 1950s, and some supply electricity commercially.  If they 

are designed to produce more plutonium than they consume, they are called Fast 

Breeder Reactors (FBR).  If they are net consumers of plutonium they are sometimes 

called "burners".
6
   

 

An Advanced Fast Reactor (AFR) is the operational name for the most 

promising fast reactor application for the pyrochemical reprocessing system under 

development.  An AFR is a Generation IV sodium cooled fast reactor, which uses 

solid fuel rods in a mixture of 
238

U and MOX.  The liquid sodium used as the reactor 

coolant allows for a high power density with a low coolant volume.  The system 

using the depleted uranium (
238

U) as the fuel matrix runs at system coolant 

temperature of 500-500°C and the electricity generation is enabled via a secondary 

sodium circuit with the primary circuit operating at near atmospheric pressure,
7
 see 

Figure 1.9. 

 

Figure 1.9: Schematic of the sodium cooled Advanced Fast Reactor concept at 

Argonne National Laboratory.
8
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Currently three variations of the AFR are being proposed, the first a  

50-150MWe reactor which will incorporate TRU into the U-Pu metal fuel fabricated 

from the pyrochemical processing in a closed fuel cycle, the second a 300-1500MWe 

pool-type version and thirdly a 600-1500MWe reactor using MOX fuel and an 

advanced aqueous reprocessing system in an open fuel cycle.  Obviously the first 

variation is of most interest within this work as the application of the pyrochemical 

reprocessing and of the liquid cathode.  Sodium cooled fast reactors are not the only 

Generation IV reactors under development, however in terms of a closed system with 

reprocessing of U, Pu and TRU it remains the most promising.  Table 1.1 shows the 

general facts for the Generation IV systems under development include; gas cooled 

fast reactors, lead cooled fast reactors, molten salt reactors, super-critical  

water-cooled reactors, and very high-temperature gas reactors. 

 

 

Neutron 

spectrum 

(fast/ 

thermal) 

Coolant 
Temperature 

(°C) 
Pressure* Fuel 

Fuel 

cycle 
Uses 

Gas-cooled fast 

reactors 
fast helium 850 high 238U + 

closed, 

on site 

electricity 

& 

hydrogen 

Lead-cooled fast 

reactors 
fast 

lead or 

Pb-Bi 
480-800 low 238U + 

closed, 

regional 

electricity 

& 

hydrogen 

Molten salt fast 

reactors 
fast 

fluoride 

salts 
700-800 low 

UF in 

salt 
closed 

electricity 

& 

hydrogen 

Molten salt 

reactor- 

Advanced High-

temperature 

reactors 

thermal 
fluoride 

salts 
750-1000 low 

UO2 

particles 

in prism 

open hydrogen 

Sodium-cooled 

fast reactors 
fast sodium 550 low 

238U & 

MOX + 
closed electricity 

Supercritical 

water-cooled 

reactors 

thermal or 

fast 
water 510-625 very high UO2 

open 

(thermal) 

closed 

(fast) 

electricity 

Very high 

temperature gas 

reactors 

thermal helium 900-1000 high 

UO2 

prism or 

pebbles 

open 

Hydrogen 

& 

electricity 

Table 1.1: Generation IV Reactor Technologies (* high = 7-15Mpa, + = some 

235
U/

239
Pu).

7
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Although fast reactors do not eliminate the need for international proliferation 

safeguards, they make the task easier by segregating and consuming the plutonium as 

it is created.  The use of onsite reprocessing makes illicit diversion from within the 

process highly impractical.  The combination of fast reactors and reprocessing is a 

promising option for reasons of safety, resource utilization, and proliferation 

resistance.
9 

 

1.6 Proliferation resistance 

 

In 1970 the Treaty on the Non-proliferation of Nuclear Weapons (NPT) came 

into force, in total 187 countries have signed the treaty including the five ratified 

nuclear states U.S.A., Russia, Great Britain, France and China.
56

 The treaties stated 

objective is to prevent the spread of nuclear weapons and weapons technology, to 

promote co-operation in the peaceful uses of nuclear energy and to further the goal of 

achieving nuclear disarmament and general and complete disarmament.
57

 The 

implications of the NPT towards the civilian use of nuclear energy reactors and for 

the reprocessing of the spent nuclear fuel or waste are vast.  As was discussed 

previously the U.S.A. suspended their reprocessing activities following the NPT 

amid concerns that the process can result in the formation and isolation of significant 

quantities of pure plutonium and hence could potentially result in a breach of the 

NPT if the technology was to be exported.
58

 The basic requirement for any new 

nuclear technology, be it reactor or reprocessing, is that the technology is 

proliferation resistant, i.e. the ability to produce weapons grade material is not 

inherent in the design of the process.  It is generally acknowledged that no fission 

fuel cycle can be entirely proof against exploitation by determined states for 

diversion into weapons program, and hence the greater emphasis upon the inherent 

resistance of the technology.
59

 A convenient analogy would be that a watch could be 

made water-resistant far more simply than it could ever be made waterproof.
60

 

 

In practice the criteria for proliferation resistance can be condensed to three 

main qualities, integration, security and robustness.    
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Integration describes the desirability of an integrated product from the cycle, 

where the principal material or isotopes are compounded with other material and 

hence the transfer of the product to a weapons process cycle requiring further 

processing stages of which intent would be difficult to disguise in terms of 

processing plant design.  The necessitation of further processing stages seeks to 

increase the cost in time, resources, technical difficulty and visibility for a country to 

acquire weapons suitable material through appropriation of the material or facilities 

present in the fuel cycle.  In Table 1.2, a comparison between three reprocessing 

schemes is shown, wet processing (PUREX), an advanced wet process and the RIAR 

process.  The data compare the amount of time it would take the process to separate 

8kg of Pu from the reprocessing scheme.
32

 The data demonstrate that the system that 

takes the longest to extract the weapons material from was the system that introduced 

further materials into the fuel cycle and hence increased the technical difficulty of the 

extraction.   For fuel cycles that contain no designed distinctions between 

commercial and military activities then an unfortunate consequence would be the 

legitimisation of endeavours to acquire a weapons program.
59

 

 

 Elements reprocessed 
Time taken to extract 

8kg of Pu from spent fuel 

Wet processing cycle U, Pu 190 days 

Advanced Wet Processing cycle U, Pu, FP, Np, Am 350 days 

RIAR reprocessing cycle U, Pu 170 days 

 

Table 1.2: Amount of time taken to extract 8 kg Pu from the spent fuel from Japanese 

demonstration FBR ‘Monju’. 

 

Security in effect describes the ease with which a nation state could remove 

the designed safeguards within the fuel cycle and procure a weapons grade product 

before the international community can react to the development,
59

.   Many current 

processing concepts are vulnerable at this point, leading to an increased emphasis on 

‘closed’ nuclear fuel cycles where the spent nuclear fuel is removed from the nuclear 
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reactor fed directly into a reprocessing stage and the recovered metals are both 

integrated and repackaged within the same process stage and then rapidly utilised 

within another reactor.  Such a ‘closed’ design would require all of the fuel cycles 

stages to be located upon the same site such that removal of any safeguards or 

modification of the engineering process would be noticed on a timely scale by 

international observers. 

 

The final intrinsic quality required for proliferation resistance, robustness, 

describes the ability for any safeguards, technical expertise or engineered resistance 

to be able to survive and to adapt to institutional, political upheavals as well as for 

technical challenges and failures.  This quality is most important when considering 

international endeavours to define and monitor the providence of fuel resources 

 

The ANL and RIAR processes described previously are both examples of 

systems designed to deliver on these qualities, both systems are designed to integrate 

the recovered fuel, to operate in a closed fuel cycle and to maintain high levels of 

efficiency in terms of usable material recovered hence decrease the requirement for 

freshly sourced fuel.  In the ANL process the specific technology that will allow this 

system to be fundamentally proliferation resistance is the ability to integrate the fuel 

products during electrodeposition via the use of liquid cathodes.  It is the integration 

aspect of the fuel cycle that the majority of this work aims to examine and discuss. 

 

1.7 Liquid cathode research 

 

Liquid cathode research is driven by the proliferation resistance and elegance 

of the potential for multiple concurrent target metal recovery during the reprocessing 

stage and its potential application in an Advance Fast Reactor (AFR) concept, see 

Figure 1.9.
26,28

 In an AFR, the spent fuel rods are treated using a pyrochemical 

process whereby the actinide fuel constituents are separated from the fission products 

by partitioning between the cathodic metal phase and the molten salt 

electrolyte.
26,12,27

 For the practical, economical and political viability of a AFR the 

recovery of practically all of the transuranic elements (plutonium, neptunium, 
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americium and curium) from the waste products is essential,
61,62,63

 as the transuranic 

elements are then fabricated into fuel to be used for power generation within the 

reactor.    

 

This recovery is where the potential application of a liquid cathode such as 

cadmium lies.  By positioning the reprocessing chamber in such a way that the 

dissolution flow from the spent fuel anode passes first a solid steel cathode then the 

uranium can be deposited as an essentially pure product at the solid cathode, the 

remaining transuranic elements can be then simultaneously deposited at the liquid 

cadmium cathode, see Figure 1.10, stabilized by alloying with the cadmium 

cathode.
26,27 

The liquid cathode can thus be made to favour the recovery of the 

transuranic elements over uranium and fully meeting the requirement of integrating 

the materials with significant weapon applications. 

 

 

Figure 1.10: Electrode positioning for spent fuel reprocessing utilising a solid steel 

cathode and a liquid cadmium cathode. 

 

 In the process the uranium is first plated onto/at a solid steel cathode.  The 

uranium can be recovered as a very pure metal deposit upon a solid steel mandrel 

cathode in the system, selective electrodeposition of uranium upon steel is possible 

as uranium is sufficiently more noble than any of the other actinides, such that a 

carefully controlled potential between the solid cathode and the reference electrode 

(not illustrated in Figure 1.10) more positive than that for the transuranic elements 
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will result in the deposition of the highly pure uranium product.  A liquid cadmium 

cathode is then utilised to drastically reduce the potential required to deposit the 

transuranic elements, hence favours their deposition over any residual uranium 

deposition still left to occur, see Figure 1.11.
27 

The higher activity coefficient of 

uranium in cadmium reflects its lack of stabilisation within the liquid cathode 

compared to the transuranic elements, which have very low relative activity 

coefficients.
26,28

 This is the origin of the relative shift in the standard reduction 

potentials of the transuranic elements and thus the liquid cadmium cathode can be 

made to recover small proportions of uranium relative to deposited transuranic 

elements such as neptunium and plutonium and hence provide a viable partitioning 

system for the recovery, separation and eventual recombination of the actinides into a 

newly fabricated functioning fuel. 

   

 

Figure 1.11: Reduction potentials for lanthanide and actinide fuel components upon a 

solid steel cathode and liquid cadmium cathode.
62

 

 

Biphasic reprocessing systems, such as a liquid metal/molten salt system 

employ a general process of fuel rod anodic dissolution and selective liquid cathodic 

plating.  The overall reaction may be limited by the diffusion of the spent fuel in 

either of the liquids (metal or molten salt) i.e. the transport of material between the 

dissolving fuel rod anode and the liquid metal cathode or the amalgamation of the 

material into the bulk cathode material.   In general, the rate of anodic dissolution is 

considered to be initially controlled by transuranic diffusion in the electrolyte 

(molten salt) but at later times is limited by diffusion in to the liquid metal.
28 

These 
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separate rate limiting steps, controlled by diffusion within the different components 

of the system clearly have rates which vary with time and extent of electrodeposition, 

that this is a complex system whose optimisation requires much research.  

Measurements and discussion of the evolution of liquid electrode deposition has been 

limited, with the majority of work being carried out in the former Union of Socialist 

Soviet Republics (USSR), with associated problems of access and verification of 

research.
64

 

 

The primary requirement of a liquid cathode for use in IFR molten salt 

systems is a liquid cathode is its liquid state range, which is the temperature range 

between its melting point and boiling point.  For the typical molten salt system 

temperature range, currently in use or development within industry, metals with 

suitable liquid phases are bismuth, cadmium, magnesium and aluminium.
17

 However 

magnesium and aluminium have densities similar to that of the lithium chloride-

potassium chloride, the molten salt eutectic under development within this research, 

which would prevent the formation of a stable free-standing interface.
64

 This leaves 

bismuth and cadmium systems as the most suitable for high temperature 

electrorefining with cadmium already in development in the IFR.
26,28 

 

Due to the aggressive and hazardous nature of high temperature molten salt 

nuclear reprocessing systems, the study of the deposition of uranium, plutonium and 

transuranic elements at a liquid cathode such as cadmium are understandably 

technologically complex.   As such the resolution of relatively simple processing 

issues if observed under less aggressive conditions requires increasingly complicated 

engineering solutions.  The deposition process of mixtures of plutonium and uranium 

at a liquid cadmium cathode is known to be subverted by a tendency of the deposited 

U to form dendritic structures at the Cd cathode crucible.  
65,66

 The solid uranium 

dendrites results in an effective nucleation process where the electrodeposition 

processes is concentrated at these dendrites and the liquid cathode begins to behave 

as though a solid cathode and hence interrupts the desired deposition process.  
67

 

Simple technical solutions (simple in theory though extremely complicated 

engineering in practice) are been investigated and developed to circumvent these 
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issues at they arise, 
67,68

 however an understanding of how these processes occur and 

how they can be observed is still of much interest.    

 

The majority of this work concentrates upon the development of methods for 

understanding and observing the electrodeposition at a liquid cathode utilising 

ambient conditions to allow greater study of the processes involved.   

 

1.8 Mercury Liquid Cathode 

 

The objective of electrochemical study on liquid cathodes for metal recovery 

systems is to characterise the mechanisms, state and structures of bulk deposited 

species.  Ideally this study would occur on ‘real world’ high temperature molten salts 

to more closely fit the eventual application of this system, however to effectively 

understand the processes involved it is readily apparent that the correlation of visual 

observation with electrochemical observation would be required.  Investigating these 

systems under room temperature conditions can hence circumvent the engineering 

challenge of observing growth at higher temperature.  It is under these conditions 

that the results and research to be discussed were undertaken,   

 

The aqueous system approach to molten salts was predicated upon the design 

of developing an appropriate equivalent room temperature liquid cathode model of 

high temperature systems, such as bismuth and cadmium which aren’t liquid at room 

temperature, where optical observation is technically easier in comparison with 

observation at high temperature.
64,65

 Furthermore working within ambient conditions 

would allow for the future development of an ambient electrochemical system 

compatible with purely ionic electrolyte systems such as dialkylimidazolium chloride 

ionic liquids.
5,70-72

 Ambient conditions allow for the study to be carried out using 

non-hazardous aqueous solutions compared to the highly corrosive molten salts, 

hence allowing for greater flexibility in the investigation of the behaviour of liquid 

cathodes.  The use of less hazardous electrolyte means that the electrochemical 

interactions can be studied in transparent glass containers enabling the correlation 



1. Introduction 

 

 22 

and observation with electrochemical response, allowing for greater insight into the 

processes occurring. 

 

For the ambient aqueous system, the liquid electrode determined to be the 

most suited for initial study is a mercury electrode.
73

 As discussed previously the 

foremost requirement for the viable use of a liquid electrode is that the materials 

liquid range is suitable in the electrolyte in which it is placed.  Mercury has a liquid 

range from -39°C to 375°C, which makes the element ideally suited to ambient 

temperature systems.   However, this suitable liquid phase was not the sole reason for 

selection.  Mercury has several attractive characteristics that make it a compelling 

choice for using in electrochemical systems.   Many metallic ions reduced to their 

metallic state upon the liquid mercury surface are rapidly amalgamated;
74 

this 

ensures a stable surface condition of the cathode and efficient metal incorporation 

with comparable behaviour to cadmium at high temperature.  Absorption of the 

reductant also provides relatively easy handling and recovery of the product as a 

flowing liquid.  The recovery of the target elements by distillation is facilitated by 

utilising the high vapour pressure of mercury.
75

 The diffusion coefficients of metals 

in mercury are also similar to those employed in cadmium at high temperature, see 

Table 1.3.  Finally and perhaps most importantly for electrochemical processes in 

aqueous systems, mercury electrodes have a high hydrogen over-potential which 

mitigates disturbance by hydrogen ion reduction.  The hydrogen over-potential of 

mercury results in the extension of the solvent window with an increase in the 

negative potential limit.  The increase in the capability of the system for negative 

potentials, allows for a greater range of metallic species to be available for study as 

reductant, similar to high temperature molten salt systems.   Mercury 

electrochemistry has been extensively studied already including the deposition of 

metallic species such as nickel,
76

 copper,
77,78

 lead,
77

 cadmium,
77

 and zinc.
78

 However 

studies have not generally incorporated bulk deposition on a scale such as shown 

within this work.   
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 Diffusion Coefficient, D 

(cm
2
s

-1
) 

Temperature, T 

(°C) 
Ref. 

U in liquid Cd 1.50 x 10-5 500 
79 

Ce in liquid Cd 1.50 x 10-5 500 
79 

Zn in liquid Hg 1.8 x 10-5 25 
78 

Pu
3+

 in LiCl/KCl molten salt 6.9 x 10-6 450 
80 

 15.2 x 10-6 550 
80 

U
3+

 in LiCl/KCl molten salt 4.1 x 10-6 400 
80 

 6.8 x 10-6 450 
80 

 9.2 x 10-6 500 
81 

 10.3 x 10-6 500 
80 

 13.6 x 10-6 550 
83 

 49.0 x 10-6 680 
82 

Zn
2+

 in 0.1M KCl(aq) 7.03 x 10-6 25 
78 

 

Table 1.3: Diffusion coefficients for metals in liquid cathodes, LiCl/KCl molten salt 

and aqueous electrolyte. 

 

The aqueous electrolyte chosen for the investigation in to the 

electrodeposition upon the liquid mercury were chloride salts.  The motivation 

behind this choice of electrolyte was an attempt to imitate as much as possible the 

types of systems used as high temperature molten salts (LiCl/KCl etc.) and in 

particular the speciation with chloride anion which can occur in these systems.  

Hence the background electrolyte for the systems to be studied was set at 0.1M 

chloride (NaCl) with the addition of the metal chloride salts of the species to be 

studied. 

 

 Within this research the choice of metal chloride electrolyte for the study of 

the mercury liquid cathode was determined by the wish to study two limiting cases.  

The first is a metal that readily gives liquid alloys with mercury up to high 

concentrations, namely zinc.  The second is a metal that does not give a liquid alloy 

at high concentrations, namely copper.   The first system therefore exemplifies 

deposition of a metal with high solubility in the liquid phase, deposited within the 

electrode in large concentrations, Figure 1.12, whist in the second the deposited 

metal should remain as a solid upon the electrode surface once the relatively low 



1. Introduction 

 

 24 

saturation concentration is reached, Figure 1.13, creating in effect a two phase 

electrode system.   

 

 

Figure 1.12: Schematic diagram of idealised metal deposition onto a liquid mercury 

cathode with consequent rapid amalgamation to a high concentration. 

 

 

Figure 1.13: Schematic diagram of idealised metal deposition forming a two phase 

system with a liquid mercury phase resulting in dendritic growth. 

 

This second model, Figure 1.13, would demonstrate many of the problems 

which could be expected from such two phase electrodes such as; difficulty in 

recovering deposited material (no longer a flowing liquid); rapid changes in the 

morphology of the electrode surface with prolonged electrodeposition which could 

result in change in the operating potential and current; passivation of the electrode 

surface and the growth of dendrites which could result in electronic shorts between 
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closely spaced electrodes (required to optimise dissolution/deposition efficiency), 

Figure 1.14. 

 

The object of studying such a system is to determine electrochemical 

characteristics, which can be correlated with optical in situ determination of metal 

deposition type.  This could then enable the determination of such electrochemical 

characteristics in high temperature molten salt systems to indicate deposition 

characteristics. 

 

 

Figure 1.14: Schematic illustration of dendritic growth resulting in an electrical short 

(direct connection between working and counter electrode). 

 

The measurements discussed in this work can therefore be used to give 

insight into the conditions whither favour or disfavour such dendritic growth and the 

electrochemical characteristics of such growth. 

 

1.9 Conclusions  

 

If the integration of a liquid cathode component into a closed civilian nuclear 

reactor pyro-reprocessing system is to be realised, then the fundamental principles of 

the reduction processes and structures must be clearly understood.  The liquid 

cathode must ensure not only that the recovery of the transuranic components are 
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recovered to a sufficiently high efficiency but also to ensure that the materials 

recovered are in effect alloyed so as to prevent easy extraction for non-civilian 

energy generation.  As discussed in section 1.6, the creation or existence of surface 

structures on the cathode surface during electrodeposition can facilitate the formation 

of undesired products such as pure plutonium. 

 

As has been stated previously, the study of the surface structures and 

interactions is technically very complicated and potentially hazardous under the 

active high temperature conditions.  Hence the route followed within this work will 

allow for the study of analogous room temperature systems in aqueous conditions so 

as to allow for more detailed observation of the physical deposition processes and 

resultant structures formed.  The structured aim of this approach was to develop 

observations and electrochemical diagnostics which could be transferred to a closed 

high temperature system and hence demonstrate the feasibility of the application of a 

liquid cathode for spent nuclear fuel reprocessing. 
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2 Theory 

 

 
2.1 Introduction 

 

This chapter will provide a short introduction to each of the techniques used 

within this research.   Techniques covered within this chapter include electrochemical 

methods including cyclic voltammetry, chronoamperometry and impedance; along with 

Raman spectroscopy and x-ray powder diffraction methods for molecular and structural 

analysis.   

 

2.2 Electrochemistry 

 

Electrochemistry is the study of reactions that take place at the interface of an 

electronic conductor (an electrode composed of either a metal or a semiconductor 

material) and a redox active solute species within an electrolyte.   The electrode is an 

electronically conducting or semi-conducting phase.  Electrodes can be either solid or 

liquid.  An electrolyte is a phase through which the movement of ions allows charge to 

be carried; electrolytes may be liquid solutions, molten salts or even ionically 

conducting solids such as sodium β-alumina.
1
 

 

It is usual to study electrochemical reactions occurring at a single 

electrode/electrolyte interface.  However electrode reactions occur between two 

electrodes in an ‘electrochemical cell’.  In order to ensure that only reactions occurring 

at a single electrode (the working electrode) are studied, the electrochemical cell set-up 

most commonly used is that of one consisting of three electrodes (working, counter and 

reference) immersed in an electrolyte, shown schematically in (figure 2.1) 
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Figure 2.1: Schematic of a three electrode electrochemical cell. 

 

The operation of this electrochemical cell is controlled by a potentiostat, which 

has two common modes.  Firstly, the potential of the working electrode is controlled 

relative to that of the reference electrode by applying a voltage between them and the 

current between the working and counter electrode is measured in response to this 

potential, in this case the system is said to be under potentiostatic control.  Secondly, if 

the current is controlled between working and counter electrodes and the potential 

between the working and reference electrodes required for such current to flow is 

measured.   In this case, the system is said to be under galvanostatic control.
2
 

 

The working electrode in the three electrode system is the phase at which the 

electron transport reactions of interest are observed through control of the electrode 

potential.  In general terms the working electrode is normally, whether metallic or 

semiconducting, constructed from a non-reactive material and is usually considered as 

inert (not for alloys, see later).  Some common choices for inert working electrodes are 

platinum and glassy carbon; however the working conditions can often dictate the 

electrode material to be used.  It is important that the surface area of the electrode is 

established as this is an important factor in determining the magnitude of current within 

the electrochemical process.  The larger the surface area of the electrode, the larger the 
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interface between the electrode/electrolyte phases, hence the more current which can be 

passed. 

 

For the completion of the electrochemical circuit a counter electrode is 

necessary.   If for example a reduction reaction is performed at the working electrode 

then there is a net flow of electrons from the counter electrode, where an oxidation 

reaction occurs, to the working electrode.   An example of this can be seen in figure 2.2, 

where a copper (II) species in aqueous solution is reduced at the platinum working 

electrode and the oxidation of copper concurrently occurs at the carbon counter 

electrode. 

 

 

 

Figure 2.2: Schematic of electron flow in a complete electrochemical circuit for a copper 

electrodeposition experiment. 

 

The relation between oxidised species and reduced species within the 

electrochemical system can be summarised as shown in equation (1). 

 



2.  Theory 

 

 33 

 

(1) 

 

Where R is the reduced species, O is the oxidised species and n is the number of 

electrons involved in the redox reaction.  From figure 2.2 and equation (1) it can be seen 

that for every oxidation electron produced there must be an accompanying reduction 

electron consumed to preserve charge balance.  Within the electrochemical circuit this 

occurs by electron acceptance from the electrolyte at the anode which then traverses the 

external electronics to be supplied to the cathode which transfers the electron to the 

electrolyte for a reduction reaction to occur, this circuit is illustrated in figure 2.3.  The 

movement between the working electrode and counter electrode of the charged species 

then completes the electrochemical cell.  Background electrolyte ensures that the redox 

species do not have to move far from the electrode surface to do this, as the large 

numbers of ions in solution are available to carry the current 

 

 

Figure 2.3: Representation of a) reduction and b) oxidation of species A in solution. 
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The counter electrode is usually constructed of platinum (mentioned previously 

as a chemically inert electrode) and will have a larger surface area relative to the 

working electrode.  Along with the control electronics, which ensure sufficient voltage is 

supplied to the counter electrode, this ensures that any electron transfer process is 

limited by the reaction of interest occurring at the working electrode, and hence ensures 

current is a direct measure of the rate of the working electrode reaction.  To maximise 

the surface area to electrode volume ratio, gauze or coiled wire counter electrodes are 

commonly used. 

 

The third and final electrode in the electrochemical cell is the reference 

electrode.   This reference electrode allows for a constant potential to be held to which 

the potential at the working electrode can be referred.  From figure 2.1 detailing the 

three electrode system, the reference electrode will have a stable electrochemical 

potential as long as no (or experimentally small) current flows through it.    

 

The reference electrode that is used for quoting reduction potentials, E
θ
, against 

is the Standard Hydrogen Electrode (SHE) and is by definition 0V; all other standard 

potentials are quoted relative to the Standard Hydrogen Electrode.  An SHE electrode 

consist of a piece of Pt immersed in an α = 1 (where α = activity) solution of strong acid 

(a source of H
+

(aq)), over which hydrogen gas is bubbled at 1 atmosphere.   However 

since the experimental use of hydrogen is both dangerous and impractical, other 

reference electrodes are used, one such is the Saturated Calomel Electrode 

(Hg/Hg2Cl2/KCl(saturated in water)) which holds a constant potential of 0.242V versus SHE 

because of the following equilibrium equation (2).   

 

 

 

(2) 
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The potential of the electrode is fixed by the above equilibrium since large 

amounts of each reagent are present, so small currents do not change the equilibrium 

position.  This results in a constant potential at the reference electrode so when a voltage 

is applied between the working and reference electrodes only the potential of the 

working electrode will change.  In situations where the use of a suitable reference 

electrode is not possible, such as elevated reaction temperatures, a pseudo-reference 

electrode may be employed.  However pseudo-reference electrodes are to be generally to 

be avoided as they are often unstable and their potential can be affected by redox active 

species in electrolyte and hence is not as well defined as a true reference. 

 

2.3 Cyclic Voltammetry 

 

In modern electrochemistry, the first investigative electrochemical experiment 

performed is generally that of cyclic voltammetry.   In this technique, the working 

electrode potential follows a linearly ramping potential versus time, as shown in figure 

2.4(a), from a starting potential E1, normally a potential with zero current flow, to an end 

potential E2 at which point the potential sweep is revered and scans at the same rate back 

to the starting potential.  As the waveform shows, the forward scan (E1 to E2) produces a 

current peak for any species that can be reduced through the potential range scan.  The 

potential of this peak will increase in magnitude as the potential reaches the reduction 

potential of the species.  The current will then decrease again as the concentration of the 

species in question is consumed within the depletion zone of the electrode surface, and 

the system is under diffusion (mass transport) control, see figure 2.4(b).   

 

As the potential is reversed (E2 to E1) it will reach the potential at which the 

reduced species will be reoxidised, producing a peak of similar shape and size to the 

reduction peak but of reversed polarity.  These data is then plotted as a change in current 

as a response to the potential sweep.  The resulting plot is called a cyclic voltammogram 

and shall be referred to as a ‘CV’ hereafter.  From the reduction and oxidation peaks, 

information about the redox potential, electrochemical reaction rates and stabilities of 
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species in electrolysed oxidation states can be obtained.  The peak currents ip
c
 and ip

a
 are 

the cathodic and anodic peak currents respectively and the potentials at which these 

peaks occur are known as the peak potentials Ep
c and Ep

a respectively. 

 

 

Figure 2.4: (a) Typical cyclic voltammetry potential waveform, (b) A typical reversible 

cyclic voltammetry response for a reduced species in solution. 

 

Cyclic voltammetry experiments are performed in stagnant solutions to ensure 

that the transport of material to the electrode surface is limited by diffusion 

(experimentally there will be some uncontrolled convection through density and thermal 

gradients along with vibration which should be minimised). 

 

From figure 2.4(b), E
ο
’, equation (3), is the formal potential of the redox species 

and is the measured potential (versus the reference electrode) when the oxidised (O) and 

reduced (R) species are present with equal activity.   In electrochemistry, the Nernst 

equation, equation (4), provides the relationship between the concentrations of O and R 

and the applied electrode potential, E.3 
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Where E is the applied electrode potential (versus reference), E
ο’

 the formal 

potential (when O and R are at equilibrium concentrations), R is the molar gas constant, 

T the absolute temperature, n is the number of electrons transferred, F the Faraday 

constant and [O]0 and [R]0 the concentrations at the electrode surface of the oxidised and 

reduced species.  However as mentioned previously, when the activities of O and R are 

equal then the measured electrode potential is that of the formal electrode potential, 

hence strictly the Nernst equation should be represented thus, equation (5). 
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Where E
ο
 is the standard reduction potential (relative to SHE) and αO and αR are 

the activities of the oxidised and reduced species respectively.  However, experimentally 

the activities of the redox species are rarely known.  The activities of the oxidised and 

reduced species are related to the concentration of the oxidised and reduced species, 

shown through equation (6). 
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Where γO and γR represent the activity coefficients for the oxidised and reduced 

species respectively.  Activity coefficients are a proportionality factor between activity 

and concentration, which varies with changing values of concentration.  When large 

amounts of ions are present, as in a background electrolyte, then the ionic strength, I, is 

constant and so activity coefficients are fixed.   So in the case of electrochemistry in a 

background electrolyte, we can use equation (4) when performing thermodynamic 

equations and we can use the formal potential E
ο
’ rather than the more experimentally 

problematic standard reduction potential, Eο, equation (5).   

 

Using cyclic voltammetric techniques the electrochemical reversibility of a redox 

reaction can be ascertained, discerning between 3 distinct systems: reversible, 

irreversible and quasi-reversible systems.  For diffusional (reversible) systems then 

using the Randles-Sevcick4 equation relates the peak current, ip, in A to be related to the 

potential scan rate, ν, in Vs
-1

, equation (7). 
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Where A is the electrode surface area (cm
2
), D the diffusion coefficient (cm

2
s

-1
) 

and [A]bulk the bulk solution concentration (molcm
-3

) all other symbols have their usual 

meaning as described for equation (4).  From equation (7) it can be seen that peak 

current is related proportional to the scan rate by the relationship 2/1ν∝pi .  However the 

peak potential, Ep remains independent of the scan rate, ν, as at the electrode equilibrium 

is always established and hence the surface concentrations, [O]0 and [R]0, are given by 

the Nernst equation, equation (4).   The independence of Ep to ν in a reversible system 

allows for the peak separation, ∆Ep, to be clearly defined, equation (8), along with the 
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separation between peak potential, Ep and the potential at half peak current, Ep/2, 

equation (9). 
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Again, for reversible electrochemical systems, the ratio between the peak 

cathodic, ip
c
, current and the peak anodic current, ip

a
, can be clearly defined, and should 

be unity, equation (10). 

 

1−=













c

p

a

p

i

i

 

(10) 

 

This relationship indicates that all of the species produced by the electrochemical 

process are available in total for the reverse redox reaction, and hence when the CV 

reverse all product is converted back into its original redox species.   However this 

relationship is only applicable at scan rates of a sufficient speed to ensure that the redox 

species cannot diffuse away from the electrode surface and into the bulk electrolyte. 

 

For the other limit of the electrochemical model, the irreversible system, peak 

potential is again proportional to scanrate½, through equation (11).   
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Where α is the electrochemical transfer coefficient and is a measure of the 

transition state nature (0<α<1) and C
*

o is the bulk concentration of the redox species 

(molcm
-3

).  All other terms are as defined previously and units are as for equation (7).   

The irreversible electrochemical system relative to that of the reversible system does 

conversely hold a relationship between peak potential and scan rate, this is demonstrated 

through equation (12). 
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(12) 

 

Hence, from equation (11), a totally irreversible scan retains a peak current 

dependence on both C*o and ν½
 , but also from equation (12), Ep contains a function of 

scan rate, shifting in a negative direction for a reduction reaction by an amount 

1.15RT/αnaF for each increase in order of magnitude of ν. 

 

For the final electrochemical system, quasi-reversible,
5
 in general the extent of 

irreversibility increases with increasing scan rate, while at the same time there is a 

decrease in ip relative to that of a reversible system and with a subsequent increase in 

peak separation between Ep
a and Ep

c.  For a quasi-reversible system, the relationship 

2/1ν∝pi is not held to be true. 

 

In summary, the diagnostics for electrochemical systems in cyclic 

voltammograms are as follows.  For reversible (or Nernstian) reactions, 2/1ν∝pi , Ep is 
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independent of v and equations (8) and (10) are satisfied.   For irreversible systems, 

2/1ν∝pi  and
*

op Ci ∝ , Ep is a function of a scan rate with increasing negative value for 

reduction reactions with increasing scan rate.  For quasi-reversible systems, peak current 

is not proportional to scan rate½, relative to a reversible system ip decreases and ∆Ep 

increases. 

 

Care must be taken when interpreting CV’s from experimental data without 

having compensated for resistance.  Since the electrolyte within the electrochemical cell 

is resistive to the flow of current, the magnitude of the resistance will depend on the 

geometrical design of the cell, the concentration and nature of electrolyte used.  When a 

cathodic current flows through the cell the true cell potential will be in reality less 

negative then that measured by an amount iRs, where Rs is the solution resistance 

between the working and reference electrode.  The potential experienced at the surface 

of the electrode will be E’ = E +iRs, where E’ is the surface potential and E is the applied 

potential.  Clearly there is a current component within this relationship and hence, the 

difference between surface potential and applied potential is dependent on current.   The 

consequence of this relationship in experimental terms is that the scan rate will no longer 

be a linear function and so Ep will be shifted from the true values.  Without 

compensating for a resistance, a reversible system could be misdiagnosed as quasi-

reversible or irreversible due to an apparent peak separation dependence on scan rate.   

 

Further methods for interrogation of a cyclic voltammogram are convolutive or 

semi-integral techniques.   In short, this technique allows for the linear potential sweep 

data, (i-E) or (i-t), to be transformed into forms closely resembling that of a steady-state 

voltammetric curve.  Hence, the consequence of diffusion upon the electrochemical 

cyclic data can be in effect removed.   The solution of the diffusion equation for such 

conditions with semi-infinite linear diffusion conditions is demonstrated in equation 

(13), and holds for all electrochemical techniques. 
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Where Co(0,t) is the concentration of redox species O at the electrode interface 

and C
*

o is the bulk concentration of redox species O with both maintaining units of 

moldm
-3

, all other expressions are as defined previously.  From equation (13), if the 

bracketed terms represent a particular convolutive transformation of experimental data 

i(t) then becomes defined as I(t), equation (14). 
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From equation (14), under purely diffusion-controlled conditions i.e. Co(0,t) = 0, 

I(t) will reach a limiting value, Il, and can be defined by equation (15). 
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This can be rearranged to form expressions for the concentration of the oxidised 

species O at the electrode surface, Co(0,t) and for the surface concentration of reduced 

species, CR(0,t), presumed absent initially, in equations (16) and (17). 
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It must be stressed that equations (15), (16) and (17) stand for all forms of 

electrochemical system, from reversible to irreversible, under the conditions of semi-

infinite diffusion and absence of either migration or convection.  Therefore, for any 

system which meets the conditions of Co(0,t) = 0 then I(t) will attain a maximum as Il 

and hence the C*
o can be calculated from equation (15).    

 

Now, as these convolutive techniques are applied into understanding the different 

electrochemical systems, it can be seen that by applying equations 16) and (17) to 

equation (4) then for Nernstian electron transfer conditions (reversible) this will yield, 

equation (18). 
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Where E½ is the reversible half wave potential and is defined by equation (19).   
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The convolutive form for a totally irreversible reaction is defined as an i-E 

expression with no back reaction, equations (20) and (21). 
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Where k
0
 is the standard heterogeneous rate constant (cms

-1
), and all other 

expressions and units are as previously described. 

 

And for a quasi-reversible system, the semi-integral of the electrochemical 

reactions must conform to equations (22) and (23). 
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The application of these equations (15), (18), (21) and (23) to data recovered 

from convolutive or semi-integral techniques allows for the correct diagnostic of 
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electrochemical system, along with calculation of the concentration of redox species 

near the electrode surface, Co(0,t). 

 

2.4 Chronoamperometric technique 

 

For controlled potential experiments an instrument known as a potentiostat is 

used, see figure 2.5, the potentiostat controls the voltage across the working electrode-

counter electrode pair and it adjusts this voltage in order to maintain the potential 

difference between that of the working and reference electrodes.   As was discussed for 

CV experiments, the importance of scan rate is an important factor for investigating 

electrochemical systems.  Cyclic voltammetry utilises a linearly ramping potential, in 

chronoamperometry a program generated by the function generator controls the steps of 

potential difference for the electrochemical cell.     

 

 

Figure 2.5: Schematic arrangement for chronoamperometric experiment. 

 

In an interface between an electrode and a stagnant solution containing a redox 

species, then there is generally a potential region where no Faradaic process occurs, let 

this be known as E1.  There will also be a potential at which the rapid kinetics of 

reduction dictate that the species cannot coexist with the electrode and the surface 

concentration of the redox species will approach zero, let this be known as E2 (mass-

transport limited).  From figure 2.6, as the potential is stepped from E1 to E2, figure 
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2.6(a), the electrode must instantly reduce the electroactive species to its stable anion 

radical.  This operation requires a large initial current but subsequent current is only 

required as a concentration gradient between the electrode surface and bulk solution is 

created, hence a net flux of species to the electrode surface, figure 2.6(c).    

 

 

Figure 2.6: (a) Potential/time transient for potential step experiment where species O is 

electro-inactive at E1 and reduced at diffusion limited rate at E2.  (b) Concentration 

profile for a range of durations into experiment.  (c) Current versus time plot for 

reduction of O. 

 

The current will decrease according to the relationship (t-t0)
½

 as the 

concentration of species becomes depleted at the electrode surface according to the 

Cottrell equation, equation (24).
1
 The consequence of continued reactant flux is an 

increased reactant depletion zone about the electrode and hence the slope of the 

concentration profile decreases with time, figure 2.6(b).    
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Where i(t) is the current (A), n is the number of electrons used in the reaction, F 

is the Faradays constant (Cmol
-1

), A is the electrode surface area (cm
2
), DO the diffusion 
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coefficient of the redox species (cm
2
s

-1
), C

*
O is the bulk concentration  (molcm

-3
) of the 

redox species and t is duration (s). 

 

In practical application of chronoamperometric experiments for measurements of 

i(t) behaviour under Cottrell conditions an awareness of instrumental and experimental 

limitations is essential:
2
 

 

1. Potentiostatic limitations, equation predicts very high currents at short times but 

the actual maximum current might depend upon the output characteristics of the 

potentiostat. 

2. Limitations imposed by uncompensated resistance (Ru) and double layer 

capacitance (Cdl).  A non-faradaic current will also flow during a potential step, 

this current will decay exponentially with a time constant RuCdl.  Within this 

period some contribution of charging current to the measured current will exist. 

3. Limitations due to convection.  At longer durations, the build-up of density 

gradients and the probability of stray vibrations will cause convective disruption 

to the diffusion layer, usually resulting in larger currents than those predicted by 

equation (24). 

 

A relationship between concentration and experimental duration can be 

observed, figure 2.6(c).  The depletion of the redox species near the electrode is 

demonstrated as is the time-dependent falloff in the concentration gradient at the 

electrode surface.  These relations are be described by equation (25). 
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Where x is the distance from the electrode surface (cm
3
) and erf is the error 

function of the square bracketed term and is defined by equation (26).   All other terms 

are as previously defined. 
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An alternative method to studying the variation of current would be to study the 

variation of charge with time, this technique is known as chronocoulometry.  By 

integration of the Cottrell equation, equation (24), a description of charge is obtained, 

equation (27). 
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Where Q is the charge passed (C).  From equation (27) plotting Q versus (t-t0)
½
 

will allow the diffusion coefficient for the electroactive species to be ascertained from 

the gradient.   For diffusion limited electrochemical reactions (observing Cottrell 

behaviour) then a linear plot should be apparent.  Chronocoulometry is a useful 

technique for the study of electroactive species with several advantages to be gained 

over chronoamperometry, such as reducing signal noise by integration method.
2
 

 

2.5 Impedance 

 

Electrical impedance is in effect the measure of opposition within an electrical 

circuit to a sinusoidal alternating current, describing both the relative magnitudes of 

voltage and current but also the relative phases.
6
 Normal experimental electrochemical 
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impedance is measured using a small excitation signal which results in linear cell 

response.  Within a linear system (electrical circuit will be pseudo-linear); the current 

response to the sinusoidal potential will be an equivalent frequency sinusoid but shifted 

in phase, figure 2.7. 

 

 

Figure 2.7: Sinusoidal current response to a sinusoidal potential in a linear system. 

 

The excitation signal when expressed as a function of time is defined by, 

equation (28). 

 

( )tEEt ωsin0=  

(28) 

 

Where Et is the potential at time t, E0 is the amplitude of the signal and ω is the 

radial frequency (rads
-1

).  The relationship between the radial frequency and frequency, f 

(Hz) can be expressed as, equation (29). 
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fπω 2=  

(29) 

 

The response signal, it, in a linear system is shifted in phase,φ , as shown in 

figure 2.7, which results in a different amplitude, i0, equation (30). 

 

( )φω += tiit sin0  

(30) 

 

The impedance of the electrochemical system can then be expressed as 

analogous to Ohm’s Law, equation (31). 
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(31) 

 

Where Z is the impedance (Ω) and Z0 is the amplitude, hence from equation (31) 

impedance is expressed in terms of magnitude, Z0 and phase shift,φ .  Using a 

mathematical device, Eulers relationship, where phase angle can be described in terms 

of complex functions, equation (32).
2
 

 

( ) φφφ sincosexp jj +=  

(32) 

 

Where complex numbers are written in the form z = x + jy, with j = √-1 and x and 

y are the real and imaginary components respectively.  z can be thought of as a point in 
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the complex plane representing all possible combinations of the real and imaginary 

components.   Hence from equation (28), potential is described by, equation (33).  

Likewise from equation (30) the current response can also be described as a complex 

function, equation (34). 

 

( )tjEEt ωexp0=  

(33) 

( )φω −= tjII t exp0  

 (34) 

 

Therefore by applying equations (33) and (34) to equation (31), impedance can 

be represented as a complex number, equation (35). 

 

( ) ( ) ( )φφφω sincosexp 00 jZjZZ +==  

(35) 

 

From equation (35), it can be seen that impedance is now composed of a real and 

an imaginary term.  If the real term is plotted onto the z-axis of a chart and the imaginary 

term on the y-axis, the subsequent plot is known as a Nyquist plot, figure 2.8.  On a 

Nyquist plot the y-axis is defined as negative, each point upon the plot corresponds to 

the impedance at a particular defined frequency.3 
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Figure 2.8: Nyquist plot. 

 

On the Nyquist plot, the impedance can be represented as a vector of length |Z| 

when the angle between vector and the z-axis is equal to the phase angle (and argZ).  

The Nyquist plot in figure 8 is a result of the simple circuit shown, figure 2.9. 

 

 

Figure 2.9: Simple equivalent cell with parallel capacitor (Cdl) and resistor (Rct). 

 

Where Cdl is the double layer capacitance and Rct is the resistance of charge 

transfer.  Double layer capacitance is a result of an electrical double layer on the 

interface between electrode and electrolyte.  This double layer forms as ions from bulk 

adsorb to the electrode surface, this creates a charge separation between electrode and 

ions.  Charges separated by an insulator form a capacitor, the value of Cdl can depend on 

many variables including electrode potential, temperature, concentration etc.    
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The charge transfer resistance is formed by a single kinetically controlled 

electrochemical reaction at equilibrium, in general R ↔ O + ne
-
 and thus charge is being 

transferred.   The rate of charge transfer reaction depends on the nature of reaction, 

temperature, concentration of reaction potentials and potential.  The general relation 

between potential and current (directly related to charge transfer by Faradays Law) is, 

equation (36). 
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Where i0 is the exchange current density, CO the concentration of oxidised 

species at electrode surface and C
*

O the concentration in bulk solution, CR is the 

concentration of reduced species at the electrode surface and C*
R and in bulk solution, α 

is the reaction order, η is the overpotential and all other components are as described 

previously.   When the concentration of species O and R in the bulk solution is equal to 

that at the electrode surface then equation (36) simplifies into The Butler-Volmer 

equation, equation (37).  However when the overpotential is very small and the 

electrochemical system is at equilibrium then the expression for charge transfer 

resistance becomes equation (38).  This allows for the exchange current density to be 

calculated when Rct is known. 
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In general impedance experiments however, like chronoamperometric and cyclic 

voltammetry, there will always be an uncompensated resistance, which through 

intelligent cell design can be minimised but never removed.   This resistance is 

characterised as the solution resistance, Rs.  Hence the magnitude of the real term 

component for impedance (resistance) will be the sum of the solution resistance and the 

charge transfer resistance.  This circuit is described by the Randles cell, figure 2.10, 

where the double layer capacitance is parallel to impedance due to charge transfer 

reaction. 

 

 

Figure 2.10: Schematic of Randles cell. 

 

The solution resistance, Rs, of a system will be dictated by the ionic 

concentration, nature of ions, temperature and the geometry of the current carrying area.  

Hence, equation (39), where the resistance of a bounded zone with area, A, and length, l, 

carrying a uniform current is defined through its solution resistivity, ρ, or more usefully 

its reciprocal, the solution conductivity, κ (Sm-1).   Solution conductivity values for 

specific solutions are commonly available through standard chemical handbooks.   
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To successfully model an experimental electrochemical cell for impedance, one 

further factor has to be considered, diffusion.   Diffusion can also create an impedance 

known as the Warburg-impedance, ZW, which contains a dependence on the frequency of 

the potential perturbation.  At high frequencies the Warburg impedance will be small, as 

the diffusing species will not won’t have moved far, whilst at low frequencies the 

reactants will have diffused further from the electrode and hence ZW will increase.  

‘Infinite’ Warburg impedance is expressed as, equation (40). 

 

( ) ( )jZW −=
−

12
1

ωσ  

(40) 

 

Where the Warburg coefficient, σ, is defined by equation (41). 
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Where DO and DR are the diffusion coefficients for the oxidised species and the 

reduced species respectively and all other terms are as defined in equations (29) and 

(36).  The ‘infinite’ form of the Warburg impedance is only valid if the diffusion layer 

can be said to have an infinite thickness.  If however the diffusion layer is bounded then 

at lower frequencies the impedance no longer obeys equation (40) and instead is defined 

by the ‘finite’ expression equation (42). 
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Where δ is the Nernst diffusion layer thickness and D is some average of the 

diffusion coefficients of the diffusing species.  For frequencies where ω → ∞, then the 

‘finite’ expression simplifies to the ‘infinite’ expression, equation (40).   In terms of 

simple equivalent circuits then the behaviour of the Warburg impedance is midway 

between that of a resistor (0 degree phase shift) and a capacitor (90 degrees phase shift) 

and hence has a 45 degree phase shift.   Therefore on a Nyquist plot the Warburg 

impedance appears as a diagonal slope of 45° since the angle between impedance vector 

and x-axis is equal to the phase shift.  The Randles cell incorporating the Warburg 

impedance, figure 2.11, results in a Nyquist plot detailed in figure 2.12. 

 

 

 

Figure 2.11: Equivalent circuit for mixed kinetic and charge transfer control. 
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Figure 2.12: Impedance plot for electrochemical system with kinetic and mass transport 

limits at high and low frequencies respectively.   

 
2.6 Diffusion 

 

Diffusion as a process normally leads to the homogenisation of a mixture and 

occurs by a ‘random walk’ process.
7
 The ‘random walk’ can be understood by 

considering a molecule undergoing Brownian motion, constrained to a linear path in 

fixed steps of length, l, with one step occurring per unit time, τ.  The location of the 

molecule at a time, t, can be envisioned only as a probability, as all paths which can 

possibly be traversed in an elapsed period are equally likely.
2
 Hence the probability of 

the molecule being found at any given point at any given time is equal to the number of 

paths leading to that point divided by the total number of possible paths to all accessible 

points within that given time, see figure 2.13. 
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Figure 2.13: Probability distribution for one dimensional random walk over four time 

units with the number of paths to each point written above.
2
 

 

The probability, P(m,r), that the molecule is at a given location after m time units 

(m = t/τ) is given by equation (43).
2,7,8

 

 

(43) 

 

The mean square displacement of the molecule, ∆xD, is calculated by summing 

the squares of the displacement (as movement is possible in both the positive and 

negative directions, figure 2.13) and dividing by the total number of possibilities (2m), 

equation (44).
2,8,9

 Where diffusion coefficient D is identified as l
2
/2τ and is a constant 

related to the step size and step frequency with units of cm
2
s

-1
.
8,9
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(44) 

 

The root mean square displacement at time t is thus, equation (45).  This allows 

for the estimation of the thickness of a diffusion layer at an electrode interface, as ∆xD is 

how far molecules have moved on average to/from an electrode over a certain time.  For 

an aqueous solution, in general a diffusion coefficient of approximately 5x10
-6

 cm
2
s

-1
 

would be expected so for an example, in 1ms a diffusion layer thickness of 10
-4

cm 

would be built up. 

 

 

(45) 

 

Fick’s first law of diffusion is a differential equation describing the flux, J, of a 

substance, O, and it’s concentration as functions of time and space.  The law states that 

‘flux is proportional to the concentration gradient, CO/∆xD, equation (46).
2
 

 

 

(46) 

 

If the species O is an electroactive species transported purely by diffusion to an 

electrode where it undergoes the electrode reaction O + ne
- ↔ R and no other electrode 

reaction occurs then the current is related to the flux of the species at the electrode 

surface by equation (47) as the total number of electrons transferred at the electrode in a 
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unit time must be proportional to the quantity of the species O reaching the electrode in 

that time period.   

 

 

(47) 

 

2.7 Raman Spectroscopy 

 

Raman spectroscopy is a technique used to study molecular energy levels within 

a system.  The sample can be a gas, liquid, solid, solution or suspension.  When 

electromagnetic radiation falls on a sample then it may be absorbed if the energy 

corresponds to the separation of two energy levels of the atoms or molecules.  If the 

radiation is unabsorbed it may either be scattered or transmitted.   Of the scattered 

radiation most retains its original wavelength, λ, this is known as Rayleigh scattering 

where the intensity of the scattered radiation, Is, is related to λ by equation (48).   

 

4−∝ λsI  

(48) 

 

A small percentage of scattered radiation (around 1 in 10
7
 incident photons) will 

be of increased or decreased wavelength, this is known as the Raman effect and the 

scattered radiation with decreased or increased wavelength is known as Stokes or anti-

Stokes Raman scattering respectively, see figure 2.14.
10

 

 

Since Raman scattering is of such a weak intensity, lasers are needed as an 

intense incident radiation source.  The highly monochromatic radiation from a laser is 
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also fundamentally desirable since the shift in frequencies of the scattered ration is 

generally very small.   

 

 

Figure 2.14: Schematic of Stokes, Rayleigh and anti-Stokes radiation from Raman 

scattering. 

 

The signal intensity for Stokes scattering is more intense than for anti-Stokes, 

according to the Boltzmann distribution, equation (49), this can be explained the 

probability of more molecules being in the ground state (V = 0) relative to V =1.
11
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(49) 

 

Where N0 and Nν is the number of molecules in the ground and excited states 

respectively and E0 and Eν is the energy of the ground state and excited state 
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respectively.   The wavelength (or wavenumber) of the Stokes and anti-Stokes radiation 

is a direct measurement of the vibrational energies of the molecule as the energy change 

from the excitation is related to the vibrational energy spacing in the ground state 

electronic state of the molecule.   An example of a typical Raman spectrum is shown in 

figure 2.15.
12

 

 

 

Figure 2.15: Raman spectrum of mercury (I) molybdate (Hg2MoO4). 

 

2.8 X-Ray Powder Diffraction 

 

Powder diffraction is a method for obtaining some structural information for a 

crystal (unit cell dimensions, space group) from powdered or microcrystalline samples.  

In a typical experiment in a powder diffractometer, x-rays are scanned across the sample 

and each crystallite diffracts the beam.   Ideally, every possible crystalline orientation is 

represented equally in the sample and hence all random orientation relative to the 

incident beam result in Bragg reflections.    

 

These reflections give a diffraction of constructive and destructive interference 

according to Bragg’s law, see equation (50). 
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θλ sin2dn =  

(50) 

 

Where n is the number of wavelengths, λ represents the wave of electromagnetic 

radiation, d is the distance between the different planes of atoms and θ is the glancing 

angle.
1
 

 

 

Figure 2.16: Common derivation of constructive interference for Braggs Law. 

 

From figure 2.16 it can be seen that when the distance of the path length of the 

two beams (AB+BC) equals nλ where n is an integer, then the two in-phase waves create 

constructive interference. 

 

The Bragg reflections are detected as cones of varying intensities and hence are 

comprised of an angular component and an intensity component.  A plot of intensity 

versus diffraction angle (2θ) results in a powder diffraction pattern.
2
 

 

By using Fourier-transform technique upon the diffraction pattern a map of 

electron density within the sample can be obtained and hence the spatial arrangement of 

atoms can be deduced.  From the positions of the atoms then geometric data including 

bond lengths and angles can be obtained and thus identify the cell parameters allowing 

for identification.   
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3 Experimental 

 

3.1 Schlenk Techniques 
 

Both inorganic salts and organic salts are prone to hygroscopic behaviour 

requiring significant drying before processing and storage within an inert 

atmosphere.   The presence of water contamination of these salts can lead to the 

formation of oxide and chlorinate impurities and will require significant purification 

processing at a later time.   The halogen organic salts are a strong example of a 

hygroscopic salt where if the chlorinated salt is left contacted to ambient atmospheric 

conditions the level of water absorption will eventually result in an aqueous solution.   

The storage of these salts in an inert atmosphere was accomplished using standard 

Schlenk line techniques using a dry argon (BOC gases) atmosphere.    

 

The salts were dried using vacuum treatment under graduated temperature 

conditions.   Using a vacuum line with a liquid nitrogen trap, the salts would be 

placed under a negative atmosphere until a line pressure of 10-1mbarr had been 

attained as measured using a Pirani gauge.   The salts were then heated by steps to a 

temperature beneath their melting points, at each step the temperature would be held 

until the vacuum line pressure has stabilised at 10-1mbarr before proceeding.    The 

molten salts eutectic mix LiCl/KCl was placed under an argon blanket before the 

final thermal step above the salts melting point was undertaken.    

 

Chlorine gas treatments within the Schlenk were achieved using a glass 

pipette inserted from the top of the chamber which was connected to a 3-way valve, 

allowing for the chlorine line to be independently flushed with argon and placed 

under vacuum before chlorine addition (2kg Cl2 cylinder, 99.8% purity, Fluka).   

Chlorine treatment for solid salts was achieved by placing a chlorine blanket over the 

solid, lowering the chlorine pipette beneath the liquid interface and bubbling chlorine 

through the material achieved treatment for molten salts. 
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3.2 LiCl/KCl molten salt eutectic 

 

The LiCl/KCl molten salt was prepared using anhydrous lithium chloride 

(ACS reagent, Sigma Aldrich) milled in a pestle and mortar with anhydrous 

potassium chloride (sigmaultra, Sigma Aldrich) in the stoichiometric molar ratio 

59:41 respectively.    The milled salt was then loaded into a high temperature 

electrochemical cell containing a Schlenk connection to a gas and vacuum line.   The 

chamber was lowered into a small vertical furnace and then dehydrated thermally 

under vacuum as described in section 3.1.    

 

3.3 Electrochemistry 

 

3.3.1 Ambient condition electrochemical cell design 

 

Due to the liquid nature of the mercury cathode to be used for the aqueous 

electrochemical experiments, cathode holders within an experimental cell had to be 

constructed.   Two separate cells were designed to facilitate the study of two different 

cathode holder designs.   The first chamber, Cell A, see figure 3.1, utilised a long 

glass holder which allowed for the insertion of a platinum wire to provide an 

electrical connection to the mercury cathode uninhibited by an oxide layer.   A 

consequence of this long cathode holder is that the mercury electrode is entirely 

constrained by the dimensions on the tube and any surface deposits upon the 

electrode surface will be forced to remain within these dimensions. 
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Figure 3.1: Schematic diagram of aqueous electrochemical Cell A. 

 

In the second chamber, Cell B, see figure 3.2, the cathode holder is a 

significantly smaller cylinder situated on the base of the electrochemical cell.   The 

connection to the mercury cathode is made using tungsten wire the use of which was 

determined by the difficulty of sealing a platinum wire into the glass cell of this 

structure.   The cathode holder doesn’t constrain the mercury electrode beyond the 

lip of the cylindrical holder, allowing for any deposits upon the mercury surface to be 

able to detach from the mercury electrode.   The design also allows for the distances 

between the working, counter and reference electrodes to be minimised. 
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Figure 3.2: Schematic diagram of aqueous electrochemical Cell B. 

 

3.3.2 Cyclic Voltammetry 

 

Ambient electrochemical experiments were carried out using either cell 

chamber A or B, high temperature experiments were carried out using cell chamber 

shown in figure 7.1 (electrode configurations and type discussed in section 7.1.1 for 

high temperature experiments).   For the ambient system, the working electrode was 

a liquid mercury pool with the volume being approximately 0.1mL and the surface 

area being approximately 0.1cm2 though precise dimensions were determined by the 

cathode holder dimensions within cells A and B.   The mercury was placed into 

position in the cathode holder using a 1mL syringe, which allowed for accurate 

placement of the liquid metal.   The mercury pool was contacted from underneath by 

a platinum connection in Cell A and a tungsten connection in Cell B.  The counter 

electrode was a platinum flag with a geometric area of approximately 1.5 cm2 and 
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was made in-house by spot welding the platinum mesh to a piece of platinum wire.   

The reference electrode was a saturated calomel electrode {Cl-(4M)|Hg2Cl2|Hg|Pt} 

purchased from Sigma Aldrich. 

 

The volume of the aquous electrolyte within the cell was generally 10mL 

which had been deareated using argon bubbling for one hour prior to addition to the 

chamber under an argon atmosphere.   Electrolyte concentrations ranged from 1mM 

to 100mM within the range of experiment undertaken. 

 

All cyclic voltammetric experiments were undertaken using an Ecochemie 

Autolab PGSTAT30 potentiostat and all data was taken and analysed using General 

Purpose Electrochemical System (GPES) version 4.9 software by Ecochemie. 

 

3.3.3 Potentiometry 

 

All amperometry experiments were undertaken in a similar manner to the 

cyclic voltammetry set-up.   The electrode potentials were again controlled using the 

Ecochemie Autolab.   For bulk electrodeposition experiments where the mercury 

electrode was observed for detection of deposition structures and growth a QX-5 

computer microscope by Digital Blue was arranged perpendicular to the cathode 

holder in close proximity to the electrochemical chamber wall.    Footage was 

recorded and stored using the provided software by Digital Blue. 

 

3.3.4 Open Circuit Potential measurements 

 

Open circuit potential measurements (OCP) were used within the 

electrochemical investigation of the liquid cathode system primarily to diagnose the 

integrity of the electrode surface by monitoring the potential at which the prominent 

redox processes were occurring.   The OCP was also used to demonstrate the stability 

of deposited films upon the mercury surface. 
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Open circuit potential measurements were undertaken using both 

electrochemical cell A and B.   Open circuit measurements were monitored using 

both the GPES software zero current potentiometry method,  and using Frequency 

Response Analyser (FRA) software by Ecochemie when undertaking rapid high 

frequency impedance measurements (see section 3.3.5). 

 

3.3.5 Electrochemical Impedance Spectroscopy 

 

All impedance measurements within these investigations were undertaken 

using Cell B due to experimental considerations for bulk electrodeposition, such as 

distance between the working electrode and the reference electrode. 

 

Impedance measurements were taken under single sine alternating current 

mode, using five points of measurement between 10 kHz and 1 kHz frequencies as 

determined by logarithmic scale (9999.9Hz, 5623.46Hz, 3162.305Hz, 1778.282Hz, 

and 1000.04Hz), with all measurements taken with an amplitude of 1mV.   All 

parameters were calculated using FRA software. 

 

Impedance measurements for baseline purposes or system diagnoses were 

taken at the OCP determined by the FRA software as controlled by the Ecochemie 

Autolab.   During bulk deposition experiments the rapid impedance measurements 

were collected at regular intervals, at potential equal to that of the plating 

experiment.   Collection of the amperometric experimental data and impedance data 

was controlled by automated programs written as macros for the GPES software so 

as to minimise the disruption of switching between the two analysis methods. 
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3.4 Powder X-ray Diffraction 

 

Samples for powder x-ray diffraction were recovered from the 

electrochemical cell, before being dried under an argon atmosphere and ground into 

powder samples before being placed in to capillary tubes for storage and transport.    

The finely ground powder samples were loaded onto aluminium slides that were 

mounted within an airtight sample holder fitted with a Mylar window under a 

nitrogen atmosphere.   Further discussion of sample collection and handling is 

included in section 6.3.2. 

 

Powder patterns were recorded using a Philips Diffractometer over a 2θ range 

of 10° to 80° using Cu-Kα radiation source (λ = 1.554056 Å).   The data was 

collected using Pc-Apd and Pc-Identify Philips software and converted to Microsoft 

Excel for further analysis.    

 

3.5 Raman spectroscopy 

 

All samples were sealed in capillary tubes before Raman spectra were 

recorded.   Raman characterisation of the samples was carried out using a Jobin 

Yvon Raman microscope, using LabSPEC 4.08 software.   All spectra were recorded 

using a HeNe laser (λ = 632.817nm), with an aperture of 250µm, slit dimension of 

150µm and using a magnification of x10. 

 

 



4.  Contaminants of molten salt purification techniques 

 

 72 

 

4 Contaminants of molten salt purification techniques 

 

4.1 Introduction 

 

Within current literature and within the nuclear industry itself, the accepted 

protocol for purification of the molten salt eutectic solvent remains as a combination of 

thermal and chemical treatment.
1
 The prepared eutectic is first heated to a marginally 

sub-melting point temperature under vacuum until the majority of water contaminant has 

been removed.   The eutectic is then heated to above its melting point and treated with 

either Cl2(g) or anhydrous HCl(g), which is bubbled through the eutectic melt  in order to 

remove metallic oxide or hydroxide products  from aqueous metal salt reactions.   The 

chemical purification processes, equations (1) and (2), remove impurities through 

evolving gaseous oxygen or through formation of water, which is removed at these 

elevated temperatures by vacuum.  The addition of chlorine gas results in the formation 

of hydrochloric acid, which will remove further oxygen species. 

 

 

(1) 

 

  

(2) 

 

However, a potential consequence of the standard purification procedure is the 

subsequent contamination of the eutectic salt melt by the oxidising agents themselves.   

Addition of chlorine or hydrochloric gasses to alkali metals could lead to the formation 

of the corresponding complexes M
+
Cl3

-
 and M

+
HCl2

-
, equation (3). 
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(3) 

 

Such alkali metal trihalide complexes, from Li to Cs,
2, 3

 have been extensively 

reported in literature under argon matrix conditions, however little is known about their 

formation in the higher temperature molten salt systems.   Halogen gases have been 

shown to dissolve within such molten salts
4
 and hence the formation of such trihalide 

species could be accommodated.    

 

Several organic trichloride salts have been structurally characterised, such as; 

[Ph4P]
+
[Cl3]

-
;
5
 [Ph4As]

+
[Cl3]

-
;
6
 [PPh2Cl2]

+
[Cl3]

-
;
7
 [(Me2N)C2N4S2Cl]

+
[Cl3]

-
.
8
 Synthesis 

of the trichloride anion using room temperature ionic liquids has also been reported,
2,9-12

 

however whether their formation is analogous to that in higher temperature ionic liquids 

remains to be shown. 

 

Interest within the nuclear industry for such compounds has arisen from concerns 

about the effect such strongly oxidising contaminants might have upon the 

electrochemistry of the molten salt systems along with potential impacts upon the 

physical containment of the molten salt system.  The presence of such contaminants 

along side the strongly corrosive molten salt raises issues about the material construction 

of such systems in an industrial use, with both casings and electrodes susceptible to 

oxidative attack,
13

 see figure 4.1.  Furthermore, final reprocessing systems such as at 

RIAR process depend upon the precise control of chlorine and oxygen gases for their 

effective use.
14

 The presence of the trichloride anion will provide a reservoir of Cl2 

through the equilibrium shown in equation (3). 
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Figure 4.1: Chlorine erosion of Mo counter electrode used in LiCl/KCl molten eutectic. 

 

Initial focus was upon the treatment of organic salts, which can be used as 

ambient temperature molten salt analogues.  This treatment was in preference to that of 

the high temperature molten salt alkali metal salts, due in part to the increased stability 

of synthesis at lower temperatures alongside the larger cation size available when 

working with organic salts.12,15  Increased stability allows for the room temperature 

structural analysis of the Cl3
-
 anion using both Raman spectroscopy and x-ray powder 

diffraction, hence allowing the feasibility of such species within a high temperature 

molten salt matrix via investigation into the anions environment. 

 

4.1.1 Principles of Raman spectroscopy applied to trichloride species 

 

By investigation of the trichloride anion via Raman spectroscopy the precise 

structure can be ascertained via observation of the Raman active bending modes, figure 

4.2, in conjunction with literature spectroscopic data,
2,3,10,16

 therefore determining the 

structure, figure 4.3. 
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Figure 4.2: Available modes of vibration for a tri-atomic molecule. 

 

 

Figure 4.3: The Raman active modes for possible triatomic structures. 

 

4.2 Raman Spectroscopy of organic trichloride salts 

 

4.2.1 Raman spectroscopy of tetrabutylammonium trichloride 

 

Tetrabutylammonium chloride (2.0g, 7.0mmol), figure 4.4, was added to a clean 

dry Shlenk-tube under argon atmosphere.  The vessel was placed within a vertical tube 

furnace and heated to 313K (melting point 320-323K) under vacuum until the system 

pressure had been reduced to 10
-1

mbarr and all water was assumed to have been 

removed.  The salt was allowed to cool under vacuum to give a fine white powder.   To 

the Shlenk-tube, chlorine gas was introduced in excess as a flowing blanket over the salt, 
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with a treatment time of less than a minute.   A bright yellow colour was rapidly formed; 

the excess chlorine gas was removed from the tube by a five minute argon purge.   The 

compound initially appeared as a bright yellow solid which rapidly decomposed into a 

thick yellow gel, over the following week this became a liquid, however the bright 

yellow colour was retained.  The liquid decomposes slowly with the continuous release 

of chlorine gas. 

 

 

Figure 4.4: Diagrammatic structure of tetrabutylammonium chloride [(C4H9)4N]
+
Cl

-
. 

 

The synthesised compound was sealed inside a capillary tube to prevent 

oxidation and to contain any chlorine gas released due to decomposition.   In order to 

study the compound and confirm that the salt now existed in a trihalide form, a Raman 

spectrum was obtained using the 632.8nm line of a HeNe laser, the resulting spectra 

shown in figure 4.5. 
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Figure 4.5: Raman scattering spectrum for tetrabutylammonium trichloride in a glass 

capillary at room temperature with wavenumbers labelled. 

 

The presence of the Cl3
-
 anion in the proposed compound [(C4H9)4N]

+
[Cl3]

-
 

corresponds to the labelled absorptions at 274 and 335 cm-1, the two peaks can be 

assigned as the ν 1 and ν3 stretch of the Cl3
-
 ion respectively, figure 4.2.

2,3,9,16
 The peak 

labelled at 464cm
-1

, figure 4.6, has been observed in literature as a water-salt complex
2
 

and also as a pentachloride anion, Cl5
-
.
3
 Though both of these experiments were 

performed under argon matrix conditions so cannot be considered as directly analogous 

to present experimental conditions as very few investigations of the trihalide complexes 

have been studied in solid state synthesis.   From figure 4.5, the spectra of 

tetrabutylammonium trichloride shows no indication of the presence of uncoordinated 

water which would appear as broad weak peaks at approximately 1640cm
-1

 and between 

3100 and 3650cm
-1

.  In addition from equation (1) the addition of gaseous chlorine into 

the system following thermal treatment of the salt would have resulted in the removal of 

any remaining water.  We therefore have assigned the peak at 464cm
-1

 to that of the Cl5
-
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though as no complexes have as yet been structurally characterised, this assignation 

remains tentatively in agreement with the previous literature analysis by Evans et al.
3
 

The presence of unreacted Cl2 can be ruled out by the absence of any sharp recognisable  

peaks between 540-550cm
-1

 characteristic of chlorine.
17,18

 From the presence of the 

symmetric and asymmetric stretching modes at 274 and 335cm
-1

 the trichloride anion 

can be determined to be the asymmetric linear structure C∞ν, figure 4.3. 

 

The remaining absorptions shown in figure 4.5 have been characterised as 

follows; peaks in the range 880-1150cm
-1

 correspond to C-C stretches and skeletal 

stretches within the butyl groups; peaks at 1321 and 1452cm
-1

 correspond to the CH2 

twist and rock and CH3 deformations respectively from the butyl group; the peaks in the 

range of 2875-2980cm
-1

 correspond to the symmetric and asymmetric stretches of the 

CH2 and CH3 groups from the alkyl chains. 

 

 

Figure 4.6: Raman scattering spectrum for tetrabutylammonium chloride. 
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Chemical analysis of the solid compound for chloride content was carried out via 

silver nitrate titration method.  Tetrabutylammonium trichloride (88.7mg, 0.5mmol) was 

dissolved in 450mL acetonitrile, to which 50mL of aqueous sodium hydroxide was 

added to reduce the Cl3
-
 to 3Cl

-
.  This solution was then titrated against a 100mM 

solution of silver nitrate dissolved in acetonitrile using potassium chromate as an 

indicator.  Silver ions react with the chloride to form insoluble silver chloride, equation 

(4).  Following the depletion of chloride from solution, the end point reaction, equation 

(5), is allowed to complete, producing the red silver chromate marker.  Hence from the 

volume of silver nitrate titrated the chloride content of the solution can be calculated.   

 

 

(4) 

 

 

(5) 

 

From the titrations with silver nitrate, the compound was found to contain 28.3% 

± 1.7% chlorine by mass from the predicted structural formula of the compound, 

[(C4H9)4N]
+
[Cl3]

-
, the chlorine content would be 30.5% by mass.   The marginally lower 

chlorine content in the experimental value can be explained as a small proportion of 

unreacted starting material in the form of [(C4H9)N]
+
Cl

-
. 

 

Following synthesis, the compound was left for four weeks in a sealed Shlenk-

tube under argon atmosphere.  After four weeks at room temperature the yellow powder 

melted into a bright yellow liquid that slowly decomposes releasing chlorine gas.   The 

change in state was investigated again using Raman spectroscopy.  The liquid was first 

investigated with Raman as it was, the sample was then treated with a thirty minute 

argon purge through the Shlenk-tube and another Raman spectrum was taken; finally the 
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Shlenk-tube was place under vacuum until all gas evolution form the liquid had ceased, 

figure 4.7.  All treatments resulted in the retention of the bright yellow colour; however 

neither the argon purge nor vacuum treatment resulted in formation of the original 

powder. 

 

 

Figure 4.7: Raman scattering spectrum comparisons of tetrabutylammonium trichloride 

following (a) synthesis (b) decomposition to liquid after 4 weeks (c) argon purge 

treatment after 4 weeks (d) vacuum treatment after 4 weeks. 

 

The Raman spectra, figure 4.7, show a change in ratio between the absorptions at 

274 and 335cm
-1

 characterised as the ν1 and ν3 vibrations of the Cl3
-
 and a complete loss 

of the absorption at 464cm
-1

 characterised as Cl5
-
.   The almost complete absence of 

resemblance of the Raman spectra of the liquid form before treatment to the original 

powder is striking.  However, with the subsequent treatment with argon the absorptions 

connected to Cl3
-
 again become apparent and with further vacuum treatment the peaks 

become better defined.   The loss of the peak at 464cm
-1

, if the characterisation of Cl5
-
 is 

correct, would be predictable, with the pentachloride anion more prone to thermal 

instability of the two chloride anions
19

 and hence would deteriorate to release the 

chlorine gas which was detected as being evolved from the liquid compound.  Within the 

Raman spectra of the tetrabutylammonium compound following the change into its 
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liquid state there is an appearance of an absorption peak at 617cm
-1

 that does not appear 

with any appreciable intensity within the spectra for the solid compound.   This peak 

persists for the Raman spectra of the liquid following argon and vacuum treatment.  The 

absorption at 617cm
-1

 is characterised as that of a chloralkane, C-Cl, suggesting that the 

butyl ligands have been open to chlorination over the timescale between Raman 

spectroscopy upon the solid compound and its liquid form.  From figure 4.7, the thermal 

instability of the Cl5
-
 absorption would have resulted in a chlorine reservoir analogous to 

that shown in equation (3), thus providing a source of unbound chlorine gas to react with 

the organic molecule.   

 

4.2.2 Raman spectroscopy of butylpyridinium trichloride 

 

To a clean Shlenk-tube butylpyridinium chloride (2.0g, 11mmol), figure 4.8, was 

added under an argon atmosphere.  The tube was heated gradually to a temperature of 

428K (melting point 435K) within a vertical tube furnace under vacuum until the 

internal pressure had decreased to 10
-1

mbarr, indicating the solid was dry.  The salt was 

then allowed to cool under vacuum producing an opaque crystalline solid.  The system 

was again placed under an argon atmosphere and placed in a CO2(s)/acetone bath before 

treatment with chlorine gas.   Synthesis was deemed complete when a uniform bright 

yellow colour throughout the salt was achieved at which point excess chlorine was 

removed using an argon purge.   Under the reduced temperature conditions of the 

CO2(s)/acetone bath the product appears as a yellow powder, however at room 

temperature the powder melts to form a yellow liquid which decomposes slowly 

releasing chlorine. 
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Figure 4.8: Diagrammatic structure of butylpyridinium chloride [(C4H9)(C5H5N)]+Cl-. 

 

The synthesised butylpyridinium compound was sealed inside a capillary tube, 

and a Raman spectrum was obtained using the 632.8nm line of a HeNe laser, the 

resulting spectrum is shown in figure 4.9. 

 

 

Figure 4.9: Raman scattering spectrum for butypyridinium trichloride in a glass capillary 

at room temperature with wavenumbers labelled. 
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The Raman spectrum for butylpyridinium trichloride again shows absorptions 

characterised as the ν1 and ν3 stretches of the trichloride anion at 273 and 338cm
-1

 

respectively.   The absorption at 498cm-1 is again characterised as that of the Cl5
- ion.  

The similarity between the spectra in figure 4.6 and figure 4.9 in the 270-500cm
-1

 region 

can be observed, figure 4.10, suggesting the Cl3
-
 ion to be similar in structure, C∞ν, in 

both the tetrabutylammonium and butylpyridinium compound, with differences in peak 

ratio attributed to slight geometrical differences and proportions of forms.  It will be 

noticed however that the Cl5
- absorption in the Raman spectrum in the range of  

420-500cm
-1

 is markedly different with the absorption appearing as a shoulder rather 

than a defined peak for the butylpyridinium compound.  As this compound is less 

thermally stable than the tetrabutylammonium compound, rapidly melting at room 

temperature, then the stability of the Cl5
-
 anion can likewise be assumed to be less stable 

and more prone to disassociation.    

 

 

Figure 4.10: Raman scattering spectrum comparisons of tetrabutylammonium trichloride 

(black) and butylpyridinum trichloride (red) over the region 220 to 500cm
-1

. 
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The remaining absorptions shown in figure 4.9 have been characterised as 

follows; peaks in the range 760-810cm-1 and at 1214cm-1 are assigned to the pyridine 

ring vibrations; peaks between 820-905cm
-1

 correspond to the C-C skeletal stretch with 

peaks at 1112cm
-1

 and 1171cm
-1

 corresponding to the C-C stretches; absorption at 

1025cm
-1

 is assigned to the in-plane C-H deformation within the aromatic ring and peaks 

1581 and 1632cm
-1

 to ring stretches (doublet); the peaks in the range 2870-300cm
-1

 are 

due to the symmetric and asymmetric CH3 and CH2 vibrations of the alkyl group and the 

remaining peaks between 3030-3165cm
-1

 are assigned as aromatic C-H stretches.  The 

peak at 641cm
-1

 could, as for the decomposing tetrabutylammonium compound, figure 

4.7, indicate the presence of chloroalkanes within the salt; alternatively the peak can be 

interpreted as the ring deformation of the pyridine.   

 

As for the tetrabutylammonium compound, chemical analysis was carried out for 

chloride content using the silver nitrate titration method.  Butylpyridinium trichloride 

(121.3mg, 0.5mmol) was dissolved in 450mL acetonitrile, to which 50mL of aqueous 

sodium hydroxide was added.  This solution was then titrated against a 100mM solution 

of silver nitrate dissolved in acetonitrile using potassium chromate as an indicator 

 

From the titrations with silver nitrate, the compound was found to contain 47.5% 

± 1.7% chlorine by mass. From the predicted structural formula of the compound, 

[(C4H9)(C5H5N]
+
[Cl3]

-
, the chlorine content would be 43.9% by mass.   From the 

difference it can be taken that the compound contains greater amounts of chlorine than 

can be accounted for.  Three possible explanations are that there is unreacted chlorine 

caught in the lattice of the salt, that it is due to the formation of Cl5
-
 and thus more 

chloride in the salt than allowed for by the [(C4H9)(C5H5N]
+
[Cl3]

-
 structural formula and 

finally that the organic salt had been chlorinated as suggested by the peak at 641cm
-1

, 

figure 4.9.   Peaks in the 540-550cm-1 region, figure 4.9, would have indicated the 

presence of unreacted chlorine.   However this region is masked by the peak at 273cm
-1

 

and its subsequent shoulders at 338 and 498cm
-1

, so the presence of unreacted chlorine 
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cannot be completely ruled out.   The presence of chloroalkanes within the salt cannot be 

confirmed however if the salt was assumed to have been chlorinated then the structural 

formula [(C4H8Cl)(C5H5N]+[Cl3]
- would result in predicted chlorine by mass of 51.2% 

and thus the experimental value could be contained within this 43.9% to 51.2% range, 

suggesting partial chlorination of the organic cations within the salt is feasible.
20

 

 

 

4.2.3 Raman spectroscopy of tetraethylammonium trichloride 

 

 Tetraethylammonium chloride (2.0g, 12.1mmol), figure 4.11, was added to a 

clean dry Schlenk-tube under argon atmosphere.  The vessel was placed within a vertical 

tube furnace and heated to 523K (melting point 573K) under vacuum until the system 

pressure had been reduced to 10-1mbarr and all water was assumed to have been 

removed.  The salt was allowed to cool under vacuum to give fine white crystals.  The 

system was again placed under an argon atmosphere and placed in a CO2(s)/acetone bath 

before treatment with chlorine gas.  To the Schlenk-tube, chlorine gas was introduced in 

excess as a flowing blanket over the salt, with a treatment time of less than a minute.  A 

bright yellow colour was rapidly formed; the excess chlorine gas was removed from the 

tube by a five minute argon purge.  The solid retained its colour as it was allowed to heat 

up to room temperature however the product rapidly decomposed releasing the bound 

chlorine rapidly before Raman spectroscopy could be undertaken.   

 

 

 

Figure 4.11: Diagrammatic structure of tetraethylammonium chloride [(C2H5)4N]
+
Cl

-
. 
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4.2.4 Raman spectroscopy of tetraphenylphosphonium trichloride 

 

To a Shlenk-tube tetraphenylphosphonium chloride (2.0g, 5mmol), figure 4.12, 

was added under argon atmospheric conditions.  The tube was then heated gradually in a 

vertical-tube furnace to 523K (melting point 548K) where the temperature was 

maintained for four hours.  The salt was deemed to be dry when the internal pressure 

within the vacuum line equalled 10
-1

mbarr; the Shlenk was then allowed to cool under 

vacuum.   The salt’s appearance was that of faintly beige fine crystals.  Following 

replacement of the vacuum conditions with an argon atmosphere, chlorine gas was 

introduced to the vessel as a blanket over the salt, synthesis was deemed to be complete 

when a uniform yellow colour throughout.  Excess chlorine was removed via a five 

minute argon purge.   The salt synthesised was a pale yellow powder, pale in comparison 

to that of tetrabutylammonium trichloride or butylpyridinium trichloride.  The powder 

remained stable with complete retention of colour over many months.    

 

 

 

Figure 4.12: Diagrammatic structure of tetraphenylphosphonium chloride [(C6H5)4P]
+
Cl

-

. 
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The synthesised tetraphenylphosphonium compound was sealed inside a 

capillary tube, and a Raman spectrum was obtained using the 632.8nm line of a HeNe 

laser, the resulting spectra in shown in figure 4.13. 

 

 

Figure 4.13: Raman scattering spectrum for tetraphenylphosphonium trichloride in a 

glass capillary at room temperature with wavenumbers labelled. 

 

The Raman spectrum for tetraphenylphosphonium trichloride shows significant 

differences in the 150-500cm
-1

 region to the spectra for both the tetrabutylammonium 

and butylpyridinium complexes, figure 4.14.   The absorption of the ν1stretch at 270cm-1 

retains its large intensity however the absorption at 352cm
-1

 assigned to the ν3 stretch of 

the Cl3
-
 shows very little intensity, suggesting a difference in structure of the trichloride 

anion in the tetraphenylphosphonium complexes to that previously shown.  The 

insignificant absorption at 475cm
-1

 assigned to the Cl5
-
 ion is evident; however the 

explanation for the absence is not immediately apparent.   The absence in any significant 



4.  Contaminants of molten salt purification techniques 

 

 88 

amount of absorption from the ν3 stretch, suggests that the Cl3
-
 anion is now in the linear 

symmetrical D∞h conformation, figure 4.3, potentially as a result of the stabilising effect 

of the bigger tetraphenyl counter cation. 

 

 

Figure 4.14: Raman scattering spectrum comparisons of tetraphenylphosphonium 

trichloride (black), butylpyridinum trichloride (red) and tetrabutylammonium trichloride 

(blue) over the region 150 to 500cm
-1

. 

 

The remaining absorptions in the spectrum, figure 4.13, are characterised as 

follows; peaks at 615cm
-1

 and 1096cm
-1

 correspond to ring deformation and vibration 

respectively of the phenyl rings; the peak at 676cm
-1

 corresponds to C-P stretches; peaks 

at 1001cm
-1

, 1009cm
-1

 and 1575cm
-1

 are due to trigonal ring breathing, in-plane C-H 

deformation and ring stretches respectively of the phenyl rings; the remaining peaks in 

the range 3053cm-1 to 3070cm-1 correspond to aromatic C-H stretches. 
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Chemical analysis of the compound was carried out for chloride content using 

the silver nitrate titration method as previously.  Tetraphenylphsphonium trichloride 

(222.9mg, 0.5mmol) was dissolved in 450mL acetonitrile, to which 50mL of aqueous 

sodium hydroxide was added.  This solution was then titrated against a 100mM solution 

of silver nitrate dissolved in acetonitrile using potassium chromate as an indicator. 

 

From the titrations with silver nitrate, the compound was found to contain  

21.5% ± 1.7% chlorine by mass.  From the predicted structural formula of the 

compound, [(C6H5)4P]
+
[Cl3]

-
, the chlorine content would be 23.9% by mass.   The slight 

difference in chlorine content by mass beyond that included by experimental errors can 

be explained as a small proportion of unreacted starting material. 

 

4.3 High temperature molten salt conditions 

 

As discussed previously many of the most commonly used materials for molten 

salts are considerably hygroscopic and hence atmospheric contamination, such as 

moisture, can arise from even moderate periods of storage.  The interaction with the 

molten salt constituents and water contaminant give rise to the formation of oxy- and 

hydroxy- containing species, these species can then undergo electrode reactions, and 

thus interfere with electrochemical investigation, result in corrosion of electrode or 

container materials 
21

 and finally will result in loss of process efficiency at the cathode.    

 

When removing the water contaminant by purging with gaseous dry hydrogen 

chloride or dry chloride
21-26

, the dissolved hydrogen chloride and chlorine gas 

consequently needs to be removed via purging with dry argon; however without rigorous 

drying of the introduced inert gas, this may reintroduce moisture into the dried salts.   

Without an effective inert gas purge, residual hydrogen chloride and chlorine may attack 

container and electrodeposited layers.
26

 

 



4.  Contaminants of molten salt purification techniques 

 

 90 

A new method of purification for the molten lithium chloride-potassium chloride 

eutectic has been examined; this method allows for the elimination of the need for either 

a dry hydrogen chloride or dry chlorine chemical treatment.   This purification technique 

consists of simply removing water contamination through electrolysis, producing 

volatile gases and insoluble waste products that are subsequently in effect removed from 

the electrochemical system. 

 

The experimental data to be discussed was in bulk a product of experiments and 

discussions with Dr. Wenzhong Zhang of the University of Edinburgh.  
27, 28

 

 

4.3.1 Cyclic voltammetry of molten salts for the purpose of purification 

 

For the electrochemical purification, an aluminium wire (1mm diameter) or 

tungsten wire (2mm diameter) was used as a working electrode as appropriate with a 

similar tungsten wire as counter electrode.  The reference electrode was an Ag/AgCl 

electrode prepared by dipping a silver wire (1mm diameter) into a 0.025m (molkg
-1

) 

AgCl solution in LiCl/KCl melt contained within an alumina tube.  The bottom end of 

the alumina tube was sintered to create a porous ceramic frit.  The aluminium wire was 

first used as a working electrode with the tungsten counter electrode, followed by the 

tungsten working electrode with the tungsten counter electrode.   Firstly, an oxidative 

current was passed at the aluminium electrode to produce Al
3+

which reacts with 

water/oxide to form insoluble aluminium oxide, Al2O3.  At the counter electrode lithium 

ions reduce water to hydrogen gas producing lithium oxide, Li2O.  The production of 

volatile hydrogen gas and insoluble aluminium oxide from this simple electrochemical 

purification results in a fully dehydrated molten salt.  The purity of this salt can be then 

be tested by potential cycling between the two tungsten electrodes,
28

 figure 4.15. 
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Figure 4.15: Cyclic voltammograms of lithium chloride-potassium chloride eutectic at 

450°C before (dashed) and after (solid) purification versus Ag/AgCl (0.025m), scan rate 

of 200mVs
-1

.
27

 

 

Before purification the following are observed; below -2.25V, the lithium ion 

reduction wave and lithium oxidation peak appeared; above 1.25V, an oxidation 

attributable to chloride ion oxidation current increasing was seen; in between, significant 

oxidation and reduction currents were observed in the CV of the melt before 

purification.27 Following the purification technique the only current that can be observed 

between the Li
+
/Li

0
 redox reaction and the chloride evolution reaction is a small low 

level background current.  This background current can be attributed to double layer 

charging.  This observation is consistent with an absence of the previously observed 

contaminant oxide species (including Cl
-
 species) and thus indicates that the molten salt 

melt is pure, at least within the confines of the electrochemical window of the process.  

The absence of electrochemical processes within the limiting lithium reduction and 

chloride oxidation can be clearly seen in figure 4.15. 
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4.3.2 Lithium electrodeposition in molten salt 

 

A simple demonstration of the effectiveness of the electrochemical cleaning 

method can be demonstrated by the observation of the electrodeposition of the volatile 

metal lithium within chemically purged molten salts (hydrogen chloride and chlorine) 

and electrochemically cleaned.
27

 

 

Using chronopotentiometry techniques a reduction current was first applied, 

within the molten salts cleaned using either the chemical or electrochemical purification 

techniques, to deposit lithium metal upon the tungsten working electrode.  Following the 

electrodeposition, the cell was allowed to go to open circuit potential (zero current) for 

two minutes allowing for the observation of lithium metal stability, following this period 

an oxidative current was applied to completely strip off all remaining plated lithium 

metal from the tungsten electrode. 
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Figure 4.16: Chronopotentiometric plot of oxidation of electrodeposited lithium metal 

following 10 seconds of deposition in LiCl/KCl molten salt eutectic a) purged with dry 

HCl for 30mins and maintained under an Ar blanket, b) purged with Cl2 for 30 minutes 

and placed under an argon blanket or c) electrochemically purified under an Ar blanket.  

27
 

 

From Figure 4.16, it can be seen that after 10 seconds deposition of lithium upon 

the tungsten electrode and establishing a constant Li/Li
+
 redox potential near -2.3V, the 

deposited highly reactive lithium metal remains on tungsten for approximately eighty 

seconds, maintaining this potential before being removed through oxidation and/or 

dissolution in the electrochemically purified melt.  In comparison, the deposited lithium 

only remains for about 20 seconds in the purified melt after HCl/Cl gas purging under an 

argon blanket.  This result highlights the oxidative nature of residual HCl or Cl gas 

and/or the lesser purity of both of these chemically purified molten salts. 
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It was observed that at the bottom of the cell, following purification, solid 

deposits occurred with a flocculent appearance.  Given the proposed mechanism it is 

likely that this material to be insoluble aluminium oxide formed by reaction between 

aluminium ions and oxo-species.  As confirmation of this hypothesis, following 

completion of the purification process the electrochemical cell was allowed to cool to an 

ambient temperature from which the contents were removed to distilled water.  The solid 

salt eutectic dissolved into the water to leave the observed solid deposits that were 

subsequently filtered and analysed by both Scanning Electron Microscopy, SEM and 

Energy Dispersive X-Ray Spectroscopy, EDX.  Figure 4.17, shows the SEM image of 

the particles with typical diameters of less than 200um.  Figure 4.18, shows an EDX 

spectrum typical of one of the observed particles.  The spectrum demonstrates the 

presence of significant amounts of aluminium and oxygen.  The presence of chlorine 

could lead to the conclusion that the particles could be aluminium oxychlorides, 

however the additional observed presence of potassium would strongly suggest that the 

particles instead contain occluded/adsorbed eutectic.
27

 The peak due to carbon is present 

due to sample preparation requirements for EDX measurements, which necessitates an 

electrically conducting layer over the target sample. 

 

 

Figure 4.17: Scanning electron microscopy image of observed solid particulates.
27
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Figure 4.18:  Energy-dispersive x-ray spectroscopy image of typical observed particulate 

recoverd from electrochemical chamber.
27

 

 

4.3.3 Chemical cleaning of molten salt eutectic 

 

For the purposes of comparison, the standard industry method of dry hydrogen 

chloride purging followed by argon purging to purify the eutectic was also examined 

using the same cyclic voltammetric method as for the electrochemical purification, 

Figure 4.19.  The best result within our laboratory was achieved by purging with 

hydrogen chloride for thirty minutes followed by an argon purge for thirty minutes.
27 
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Figure 4.19: Cyclic voltammograms of lithium chloride-potassium chloride molten salt 

versus Ag/AgCl (0.025m) with (solid line) and without (dotted line) chemical 

purification using dry hydrogen chloride purge for 30 minutes, scan rate is 200mVs
-1

.
27

 

 

Figure 4.19, shows the comparison of CV’s of the eutectic melt before and after 

this chemical purification.  As expected, in the middle of the voltammograms, 

significant currents were observed for the melt before chemical purification.  In contrast, 

an improved CV was observed following chemical purification, as with electrochemical 

purification.  However a comparison of the CV’s for chemical purification versus 

electrochemical purification is shown in Figure 4.20. 
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Figure 4.20: Cyclic voltammetric comparison of electrochemical (dashed line) and 

chemical purification technique (solid line) versus Ag/AgCl (0.025m), scan rate is 

200mVs
-1

.
27

  

 

From figure 4.20 it can clearly be shown that the CV for the electrochemically 

purified salt demonstrates considerably lower redox activity within the confines of the 

solvent window than the salt purified via chemical means.  Furthermore the lithium 

oxidation peak at -2.2V for the electrochemical method demonstrates the expected sharp 

drop in current as the lithium is stripped from the tungsten surface whereas for the HCl 

treated salt, the oxidation peak shows a more gradual tail-off as the lithium is removed.  

This indicates that for the electrochemical method there is an absence or marked 

decrease in any oxide surface layers on the tungsten electrode.  These results indicate 

that the electrochemical purification technique can produce a purer melt than the HCl 

chemical method.  Furthermore the overall reduction observed below -1.00V is 

indicative of the presence of oxidising species in the chemically purified melt. 

 

An additional observation upon the molten eutectic following chemical treatment 

with chlorine gas is as follows.  Following purging with chlorine a distinct change in 

colour of the molten salt was apparent, with molten lithium chloride-potassium chloride 

being a practically clear solution attaining a significant yellow tint.  The molten salt was 
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placed under vacuum and rapid bubbling occurred as unbound chlorine was removed; 

however following cessation of observable chlorine emission and the addition of an 

argon blanket, the yellow colour though diminished was still retained.  The salt was then 

cooled under argon blanket before the electrochemical cell was cleaved to recover the 

solid molten salt sample.  The sample was an off-white solid with a distinctly yellow 

core.  The retention of colour within the eutectic, which is when pure colourless as a 

liquid and white as solid, suggests that the extraction of all the chemical treatment agent 

chlorine is incomplete with the species remaining as either dissolved gaseous chlorine or 

as a trichloride or pentachloride anion.  Raman spectroscopy of the solid salt was 

attempted but no distinct absorption bands were detected likely due to sensitivity issues.   

 

4.4 Conclusions and further work 

 

Within this work the synthesis of room temperature organic trichloride molecules 

has been demonstrated via the gaseous chlorination of four organic salts; 

tetrabutylammonium chloride, butylpyridinium chloride, tetraethylammonium chloride 

and tetraphenylphosphonium chloride.  The synthesis of these molecules was intended to 

demonstrate the ease at which an organic salt akin to those used for low temperature 

ionic liquids could react with and hence capture chlorine gas.  The storage of such 

chlorine gas within a solution or salt would then result in a chlorine reservoir, which 

would be slowly released into a system as directed by equation (3).  The synthesis of 

these molecules allowed for an understanding and development of an analysis via 

Raman spectroscopy to characterise the existence of trichloride species and the precise 

structure that the anion would hold.  A key observation in the synthesis of these 

molecules was the very distinctive change in colour of the organic salt upon treatment 

with the chlorine gas.  All four of the salts studied are white or cream coloured powders 

but following the gaseous treatment all samples demonstrated a bright yellow 

appearance.  Due to the unstable nature of the compounds formed, most of the products 

rapidly decayed from the solid yellow powder into thick gel-like substances resulting in 

the slow release of the bound chlorine gas. 
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Within the Raman spectra taken of these salts there remains the intriguing 

question of the recurring observation at 470cm-1 that would benefit from further 

investigation.  As discussed previously, this peak has been characterised in the literature 

as both a salt-water complex,
2
 and as a pentachloride anion.

3
 Within this work due to the 

dehydration techniques undergone in the synthesis of these compounds and the absence 

of further absorption indicative of the presence of water, this peak was tentatively 

assigned to the Cl5
-, though very little is known of the species with no characterised 

structures published.  To remove the confusion associated with this peak, future work 

could investigate the potential of preferentially synthesising the Cl5
-
 species.  This could 

potentially be accomplished by driving the equilibrium for the formation of the 

chlorinated salts over to the suggested formation of the pentachloride anion via reaction 

of the salt with the chlorine gas in a high pressure sealed cell.  Raman spectra of the 

subsequent compound should reveal a change in the ratio between the absorbance 

assigned to Cl3
-
 at approximately 270cm

-1
 and that assigned to Cl5

-
 at 470cm

-1
.  If the 

pentachloride species is responsible for the absorption it has been assigned to then the 

ratio between the two peaks should decrease with the increased probability of 

pentachloride formation. 

 

The synthesis of a trihalide species within a LiCl/KCl molten salt was attempted 

via the same Raman technique following treatment with chlorine gas; however no 

discernable evidence could be uncovered.  The treatment of the molten salt with gaseous 

chlorine did result in a strong yellow colour to the molten solution, as was observed for 

the organic salts, which was retained following vacuum treatment and even through 

cooling and solidification.  This observation lends credence to the preposition that the 

inorganic salt is capable of binding and holding chlorine species within the salt and a 

study of such material using a more sensitive Raman spectroscope could yield further 

evidence for the existence of the trichloride species. 
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Further investigations into the chlorination of the molten salt system could be 

facilitated by a change in the composition of the constituent alkali metals as used for the 

standard molten salt process.  As outlined in section 4.1 the increasing cation size within 

the alkali metal series results in greater stability of the trichloride salts.  
2,3

 Lithium will 

inherently form the least stable compounds and this variable is one which could be 

exploited so as to either increase or decrease the likelihood of the formation of the 

trihalide anion. 

 

Within this discussion the contamination of the molten salt via the standard 

chemical techniques of dry HCl or Cl2 has been clearly demonstrated via cyclic 

voltammetric techniques.  A new method of purification of the molten lithium  

chloride-potassium chloride eutectic has been examined within the investigation.  The 

method eliminates the need for a chemical cleaning stage and hence the introduction of 

unknown compounds and strongly oxidising agents.  The technique consists of simply 

removing water contamination through electrolysis using a sacrificial aluminium 

electrode.  Chemical analysis shows that aluminium oxide is produced as an insoluble 

deposit that does not affect the electrochemical window of the system.  This technique 

allows for a standardised cleaning technique, which can be clearly dictated by 

predeterminable parameters of acceptance before the molten salt electrolyte can be 

regarded as purified.  The system also presents a more economic and technically simpler 

method for ensuring the quality and potentially lifetime of the pyroelectrochemical 

system.   
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5 Ambient condition liquid cathodes  

 

5.1 Introduction 

 

As was discussed in section 1.6 the ability in the current concept for the full 

recovery of the fissionable material from spent nuclear fuel along with the more reactive 

fission products, relies on the use of a liquid cathode.  The liquid cathode allows for the 

recovery of a range of materials concurrently, see figure 1.12, and in theory captures the 

materials as an alloyed compound for safe recovery and capture.  The alloyed nature of 

the recovered materials makes the liquid cathode the fundamental technology that would 

allow the molten salt pyroprocessing system to be proliferation resistant.  The 

combination of engineering and political advantages to the technology makes the use of 

the liquid cathode indispensable if the system is to be implemented in a real world 

scenario.   

 

If the liquid cathode is to be integrated into the fuel recovery process then a 

fundamental understanding of the reduction products and processes must be fully 

established.  This work aims to demonstrate techniques for allowing study of the 

formation of surface structures upon a liquid cathode surface.  As the visual observation 

of a liquid cadmium surface at high temperature would be very technically complex then 

ambient condition analogues in aqueous systems were studied at a mercury liquid 

cathode, see section 1.7.   
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5.2 Electrochemistry of zinc(II) under ambient aqueous conditions 

 

5.2.1 Zinc(II) electrochemistry at a mercury liquid cathode 

 

The system chosen as a good ambient analogue of the high temperature molten 

salt cadmium liquid cathode system for deposition of highly soluble alloying metal was 

an aqueous zinc(II) chloride solution deposited at a liquid mercury electrode.   Zinc(II) 

was chosen as the metallic species for recovery from the bulk electrolytes for two 

fundamental reasons.  Zinc is well known as readily forming mercury amalgams; indeed 

this liquid phase amalgam is commonly used with high (near stoichiometric) zinc 

content as a reductant within organic chemical synthesis
1, 2

 and for purifying nitrogen 

gas by removing trace oxygen impurities.3   The zinc amalgam is solid at approximately 

thirty atomic percent zinc,
4
 hence with a reasonable sized liquid mercury pool for a 

cathode an appreciable concentration of zinc can be amalgamated before the electrode 

becomes solid.    The secondary reason for the choice of the zinc/mercury 

electrochemical system is that the measured diffusion coefficients within the liquid 

cathode and in solution are very similar to those for uranium in either cadmium or 

bismuth liquid cathodes, with a measured diffusion coefficient of the order of 10
-5

cm
2
s

-1
, 

see Table 1.3.
5,6

 Hence this ambient system can be reasonably assumed to fulfil the 

requirement of being a good ambient analogue to the high temperature molten salt 

system.   

 

5.2.2 Cyclic voltammetry study of zinc deposition upon mercury liquid cathode 

 

An initial measurement of the electrochemical behaviour of zinc(II) at a liquid 

mercury cathode was undertaken via the use of cyclic voltammetric techniques.  In 

solution zinc exists solely as Zn2+ and is expected to demonstrate cyclic voltammograms 

(CV) with a single reduction peak and a single oxidation peak corresponding to  

Zn
2+

 → Zn
0
 and Zn

0
 → Zn

2+
 respectively.  This is indeed found, as shown in figure 5.1. 



5.  Ambient condition liquid cathodes 

 

 104 

 

As previously discussed in section 2.3, care must be undertaken with 

interpretation of cyclic voltammetry experimental data if the data has not been corrected 

for the uncompensated solution resistance between working electrode and reference 

electrode.  Without compensating for this resistance, a reversible system could be 

misdiagnosed as quasi-reversible or irreversible due to a large apparent peak separation 

that increases with increasing scan rate.  Within this investigation the resistance 

attributed to this uncompensated resistance was first diagnosed using impedance 

techniques, figure 5.2.  At high frequencies the x-axis intercept in the Nyquist plot gives 

a real impedance, Z’, which is attributable to this solution resistance (see section 2.5, 

equation (39) and figure 2.12).  Note this resistance was found initially at open circuit 

potential (-0.07V) but also at the Zn
2+

/Zn deposition potential (see later).  Therefore a 

constant value of solution resistance was found independent of potential (at minimal 

deposition times, see section 5.2.5).    

 

The ‘true’ cyclic voltammogram, without the effect of this uncompensated 

resistance, can hence be calculated by removing the potential shift attributable to the 

solution resistance, figure 5.3.  This then allows for analysis of the cyclic 

voltammograms of the electrochemical system. 
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Figure 5.1: Typical CV for 70mM zinc(II) reduction upon a liquid mercury electrode in 

0.1M NaCl(aq),at a sweep rate of ν = 20mVs-1.  All potentials in this and subsequent 

figures are measured with respect to a saturated calomel electrode (SCE, {Cl
-

(4M)|Hg2Cl2|Hg|Pt}). 

 

Figure 5.2: Plot showing impedance characteristics at high frequency for the Zn 

electrolyte system in figure 5.1 at open circuit potential (-0.007V, no deposition). 
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The solution resistance can be determined from Figure 5.2 by the intercept with 

the Z’ axis of the linear fit to the high frequency impedance data, giving a value of 

55.2ohms.   

 

 

 

Figure 5.3: Typical reduction and oxidation peaks for 70mM zinc(II) in 0.1M NaCl upon 

a liquid mercury electrode, a) 20mVs
-1

, b) corrected for solution resistance.   

 

To characterise the electrochemical behaviour of zinc(II) upon a liquid mercury 

electrode, an investigation of the effect of scan rate upon these cyclic voltammograms 

was carried out, in particular the effect of scan rate upon the cathodic and anodic peak 

potential and upon the associated peak currents.  From this relationship an understanding 
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of the system in terms or reversible, quasi-reversible or irreversible electrochemical 

behaviour can be developed dependent on the response of potential and peak current to 

scan rate as defined in section 2, equations (7) to (12).  The experiment was run over a 

broad range of scan rates from a minimum of 1mVs
-1

 up to a maximum of 1Vs
-1

.  As the 

peak current for a diffusion processes is proportional to the square root of the scan rate, 

an increase in scan rate will of course result in an increase in current.  Hence a greater 

potential shift due to the uncompensated resistance (iRs) will be observed within these 

uncorrected cyclic voltammograms, this effect is clearly demonstrated in Figure 5.4.  

The calculated iR drop from Figure 5.2 was plotted as a dotted line on Figure 5.4, 

demonstrating a reasonable fit to the shift in peak potential with increasing scan rate. 

Figure 5.4: Cyclic voltammograms of 70mM ZnCl2 (0.1M NaCl) versus an SCE over 

scan rates 1mVs
-1

 to 1Vs
-1

, the dotted line represents the iR drop calculated from 

impedance data. 
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Using the impedance technique discussed above, Figure 5.3, the solution 

resistance was determined to be 55.18 ohms and was corrected for by inserting this value 

into the GPES software, Figure 5.5.  These corrected data for reduction/oxidation peak 

potentials (Ec
p
 and Ea

p
), peak reduction/oxidation current (Ic

p
 and Ia

p
), peak separation 

(∆E) and the peak current ratios (Ic
p
/Ia

p
) are shown in Table 5.1, and the correlated 

voltammograms given in Figure 5.5. 

Figure 5.5: Cyclic voltammograms of 70mM ZnCl2 (0.1M NaCl) versus an SCE over 

scan rates 1mVs-1 to 1Vs-1 corrected for solution resistance. 
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Table 5.1: Calculated peak potentials and peak currents for zinc(II) reduction/oxidation 

at a mercury liquid cathode for scan rates 1mVs-1 to 1Vs-1 versus an SCE following 

correction for solution resistance. 

 

5.2.3 Reduction of zinc(II) during cyclic voltammetry 

 

For a more productive discussion of the cyclic voltammograms for zinc 

electrochemistry at the mercury liquid electrode the reduction/oxidation components of 

the electrochemical data will be discussed essentially separately.  Initial discussion will 

focus primarily upon the reduction process at reduction peak, Ec
p
. 

 

From the resistance corrected data from Table 5.1, it can be observed that the 

peak separation, ∆E, increases with increasing scan rate and that the ratio of reductive 

versus oxidative current passed becomes nearer to unity with decreasing scan rate.  For a 

redox reaction the current (Ip) should rise linearly with the square root of the scan rate 

(ν
½
) if the electrode reaction is controlled by diffusion of the redox species from bulk 

solution.  In this case neither the peak current for the forward nor reverse reaction rises 

linearly with the square root of the scan rate, Figure 5.6.  The dotted line shown in 

Figure 5.6, demonstrates that at low scan rates the peak current data does follow a linear 

fit.  Such an observation indicates that a diffusive process is occurring; the shift from 

this linear plot would be expected for a system largely under the influence of iR drop, as 

 Ec
p
 (V) Ic

p
 (mA) Ea

p
 (V) Ia

p
 (mA) �E (V) Ic

p
/ Ia

p
 

1Vs
-1

 -1.115 -6.794 -0.865 3.752 0.250 -1.811 

500mVs
-1

 -1.109 -5.263 -0.884 3.080 0.225 -1.701 

300mVs
-1

 -1.109 -4.365 -0.898 2.584 0.211 -1.689 

200mVs
-1

 -1.109 -3.796 -0.900 2.254 0.193 -1.684 

100mVs
-1

 -1.099 -2.911 -0.916 1.715 0.183 -1.697 

50mVs
-1

 -1.091 -2.247 -0.929 1.309 0.162 -1.717 

20mVs
-1

 -1.083 -1.576 -0.941 0.956 0.142 -1.649 

10mVs
-1

 -1.075 -1.180 -0.946 0.806 0.129 -1.464 

5mVs
-1

 -1.071 -0.862 -0.944 0.653 0.127 -1.320 

1mVs
-1

 -1.061 -0.402 -0.956 0.466 0.105 -0.863 
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the increasing effect of iR through the peak results in a progressively decreasing 

effective sweep rate at the electrode surface.   

 

 

Figure 5.6: Plot of peak current against the square root of the scan rate for Zn oxidation, 

black, and Zn reduction, red, on a liquid mercury cathode versus a SCE, 70mM ZnCl2 

(0.1M NaCl). 

 

  As the scan rate decreases the closer the system comes to fulfilling the 

requirement of Ip ∝ ν
½
, as the decrease in current passed reduces the impact of iR drop 

significantly and hence the experimentally observed scan-rate becomes closer to that 

expected for diffusional control. 

 

Table 5.1 shows that the potential of the reduction peak, Ec
p
, is nearly constant, 

independent of scan rate, with the shift in ∆E almost entirely due to the movement of the 

anodic peak potential, Ea
p
 with increasing scan-rate. 
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5.2.4 Convolutive study of the zinc(II) reduction at the mercury electrode 

 

Using electrochemical software such as Autolab GPES, linear potential sweep 

data (in this case the forward sweep from a CV) can be transformed from voltammetric 

i-E curves into a form much more closely resembling their steady-state voltammetric 

curves.  These curves are frequently much more convenient for data analysis as they 

remove the depletion effects inherent within the zinc and mercury liquid cathode 

electrochemical system.  At low sweep rates greater natural convection effects are 

found.  Hence convoluted data for 1mVs
-1

 would be expected to contain convolution 

artefacts.  All 1mVs
-1

 data should be considered as such and be considered for 

illustrative purposes only. 

Figure 5.7: Normalised convolution of solution resistance corrected cyclic 

voltammograms for scan rates 1mVs
-1

 to 1Vs
-1

 in 70mM ZnCl2 (0.1M NaCl) versus 

SCE. 



5.  Ambient condition liquid cathodes 

 

 112 

 

The cyclic voltammetric data, shown in figure 5.5, was converted using time 

semi-integral functions, to give figure 5.7.  From figure 5.7 it can be seen that after 

discounting the artefact data for 1mVs
-1

, then all of the convolutive data gave reduction 

waves of effectively the same height and position independent of scan rate.  As the 

measured diffusion coefficient of zinc in mercury (1.8x10
-5

cm
2
s

-1
)
7
 is greater than for 

zinc (II) (7.03x10
-6

cm
2
s

-1
)
8
 in aqueous, it is likely that the diffusion of Zn(II) in aqueous 

is the rate limiting step.  It should be remembered that the potential data in figure 5.5 has 

was corrected for the effects of iR drop.  These convolutive data therefore indicate that 

the observed changes in reduction peak potential are due to the effects of iR drop and 

diffusion.   

 

 Using equation (15) from section 2.3 and using the diffusion coefficient for 

zinc(II) in aqueous solution (7.03x10
-6

cm
2
s

-1
) the bulk concentration of zinc (II), Co

*
, in 

solution can be calculated at each sweep rate, equation (1). 

 

 

(1) 

 

A two electron reduction is assumed and the mercury electrode area, A, was 

measured as 0.1cm
2
.  The calculated bulk concentrations of Zn(II) at each sweep rate are 

shown in table 5.2 
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Scan Rate 

(mVs
-1

) 

Experimental 

limiting current (Il) 

(mA) 

Calculated 

CO
*
 for 2e

-
 process 

(mM) 

1000 -4.39 85.8 

500 -4.59 89.7 

300 -4.58 89.4 

200 -4.50 89.5 

100 -4.32 84.5 

50 -4.25 83.1 

20 -4.34 84.8 

10 -4.52 88.4 

5 -4.47 87.0 

 

Table 5.2: Limiting currents and limiting concentrations calculated for convoluted CV 

reduction data for 70mM ZnCl2(0.1M NaCl) at Hg liquid cathode using diffusion 

coefficient for Zn(II) in 0.1M KCl aqueous  solution. 

 

It is clear that these data give a consistent value of Co
* at all sweep rates, with a 

mean value of 87mM ± 3mM.  This value is 20% greater than the experimental bulk 

concentration of zinc (II), 70mM.  Such a discrepancy could be due to one or more of; 

(i) an increased value of the diffusion coefficient for Zn(II) under these conditions due to 

variations in temperature and/or in hydration size geometric, (ii) a departure in the 

effective surface area of the mercury electrode due to its domed shape.  These data are 

therefore consistent with a mass transfer limited two electron reduction process. 

 

5.2.5 Tafel analysis of zinc(II) reduction during cyclic voltammetry 

 

As a method for further diagnosing whether the observed electrochemical 

process tending towards reversible or irreversible a further level of analysis of the 

convoluted data was conducted by carrying out Tafel analysis, section 2.3 equations (18) 

to (21).
9
 The data was first plotted to see the fit to a reversible electrochemical process 
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before repeating the process for a fit to the irreversible process. Tafel plots are a 

common method for evaluating electrochemical reversibility.  For a reversible reaction, 

rearranging equation (18) (section 2.3) gives equation (2).  In this case, a plot of the 

convoluted current function on the left hand side of this equation against the potential, 

should give a straight line of gradient 
nF

/RT and an x-axis intercept of E½.  Figure 5.8 

shows typical Tafel plots for Zn(II) reduction at the mercury electrode.  Except, as 

expected, at very high and low potentials, these data show good straight lines.  The 

negative deviations from the linearity of the plot at large potentials come from 

limitations imposed by mass transfer, the region of low potential deviates from linear 

behaviour as a consequence of it being no longer possible to regard back reactions of the 

system as negligible. 

 

 (2) 

 

c) d)c) d)

a) b)a) b)
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i)i)i)i)

 

Figure 5.8: Reversible Tafel plots of the solution resistance (red) corrected convoluted 

cyclic voltammograms with corresponding fits to the linear portion, 70mM ZnCl2 (0.1M 

NaCl) deaerated for one hour.  Sweep rates are: a) 1Vs
-1

, b) 500mVs
-1

, c) 300mVs
-1

,  

d) 200mVs
-1

, e) 100mVs
-1

, f) 50mVs
-1

, g) 20mVs
-1

, h) 10mVs
-1

, i) 5mVs
-1

. 

 

g) h)g) h)

e) f)e) f)
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The gradients of the fit lines shown in figure 5.8 are shown in table 5.3.  For a 

two electron reversible reaction the gradients of these linear fits should equal 77.88V
-1

 at 

298K, whilst for a one electron reversible reaction the gradient should be 38.94V-1 

 

Scan Rate (mVs
-1

) Gradient (V
-1

) Intercept (V
-1

) 

1000 56.97 60.73 

500 55.18 58.94 

300 56.87 60.62 

200 53.32 57.04 

100 54.94 58.19 

50 56.64 59.68 

20 57.69 60.77 

10 56.73 59.39 

5 56.78 59.34 

 

Table 5.3: Analysis of reversible Tafel plots for convoluted reduction data for 70mM 

Zn(II) (0.1M NaCl) cyclic voltammetry  at Hg liquid cathode. 

 

The average gradient is 56.0V
-1

 ± 3V
-1

.  This is greater than the value expected 

for a one electron reduction and is therefore consistent with a two electron process.  

However, it is not consistent with a reversible electron transfer.  The lack of fit to the 

two electron reversible process was consistent across all scan rates suggesting that the 

system coluld not be regarded as reversible.  Therefore these data were tested for 

electrochemical irreversibility as discussed previously. For an irreversible system from 

equation 23 (section 2.3) when the function 1+(DO/DR)½exp(E-E0’(nF/RT) approximates to 

unity (E<<E
0’

) one can rearrange this equation to give equation 3.   

 

 

(3) 
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And hence again plotting the natural log of the alternative current function (on 

the left hand side of equation 3) versus the potential, E, tests irreversibility, figure 5.9 

 

 

 

e) f)e) f)

c) d)c) d)

a) b)a) b)
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i)i)i)i)

 

Figure 5.9: Tafel plots of the solution resistance corrected convoluted cyclic 

voltammograms fitted to the linear portion for an irreversible process, 70mM ZnCl2 

(0.1M NaCl) deaerated for one hour.  Sweep rates are: a) 1Vs-1, b) 500mVs-1,  

c) 300mVs
-1

, d) 200mVs
-1

, e) 100mVs
-1

, f) 50mVs
-1

, g) 20mVs
-1

, h) 10mVs
-1

, i) 5mVs
-1

. 

 

Figure 5.9 shows typical experimental data plots, which again give good straight 

line fits.  The gradients and intercepts of least-square fits to the linear portion of these 

data are shown in Table 5.4. 

g) h)g) h)g) h)
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Scan Rate (mVs
-1

) Gradient Intercept 

1000 47.85 50.17 

500 50.38 52.89 

300 49.55 52.30 

200 45.89 48.57 

100 46.89 49.59 

50 46.41 49.15 

20 49.05 52.00 

10 50.47 53.66 

5 46.88 50.10 

 

Table 5.4: Analysis of irreversible Tafel plots for convoluted reduction data for 70mM 

Zn(II) (0.1M NaCl) cyclic voltammetry  at Hg liquid cathode. 

 

Again, the slopes are all similar with an average gradient of 48.2V
-1

 ± 3V
-1

.    

 

The transfer coefficient is a measure of the position of the transition state barrier 

along the reaction coordinates.  When this is symmetrical α = ½ otherwise 0 ≤ α ≤ ½ or 

½ ≤ α ≤ 1.  For a two electron process, α < 0.5 indicates the transition state lies within 

the first electron transfer which is rate limiting whilst α >0.5 indicates the transition state 

occurs within the second electron transfer and is rate limiting.  From the average 

experimental gradient then α = 0.62, indicates that the rate limiting step occurs within 

the second electron transfer.  This is therefore again consistent with a two electron 

reduction. 

 

The convoluted data was not plotted for the quasi-reversibility electrochemical 

reaction  due to complications arising from the inclusion of diffusional parameters in the 

natural log of the alternative current function, equation 5, where ξ = (DO/DR)
½

 and  

θ = exp[ƒ(E-E0’)]. Instead the data was considered in terms of the fit towards the two 

limiting reactions of reversible and irreversible with the assumption that if the 

convolutive data was shown to fit neither than the system could be regarded as quasi-

reversible.      
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(4) 

 

The analysis for the irreversible Tafel plots of the convoluted data  suggest that 

as expected the reduction of zinc(II) at a mercury electrode is a two electron reduction.  

It appears that the system is tending towards being electrochemically irreversible and 

hence better described as quasi-reversible, this results in the formation of zinc(0) which 

would be expected to then be incorporated into the mercury electrode.  Looking at figure 

5.7, there appears to be evidence for this zinc(0) alloying in the convoluted 

voltammograms.  On reversing and cycling back to oxidising potentials, a change in the 

shape of the convoluted wave is observed, consistent with a shift in redox potential to 

more positive values.  Along with this, the progressive growth in importance of an 

oxidative peak at slower sweep rates is observed, and a non-zero oxidative current at the 

end of the sweep.  These are all consistent with zinc-mercury alloy formation, with the 

shift in potential consistent with the increase in zinc stability on alloying, and the 

increase in the oxidation peak current is consistent with enhanced zinc incorporation and 

enhanced diffusion in the mercury alloy on the longer timescales seen in slower sweeps.  

Figure 5.10 shows typical cyclic voltammograms normalised by dividing by ν
½
 to enable 

ready comparison of changes in the oxidative and reductive peaks as a function of sweep 

rate. 
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Figure 5.10: Normalised cyclic voltammograms for scan rates 1mVs-1 to 1Vs-1 corrected 

for solution resistance in 70mM ZnCl2 (0.1M NaCl) electrolyte on a liquid mercury 

cathode relative to SCE. 

 

At the slowest sweep rate, 1mVs
-1

, the redox peaks are relatively symmetric, 

consistent with the ability to form and remove zinc-mercury alloy through a two electron 

reduction and oxidation.  It is interesting that the peak height for oxidation is slightly 

larger than that for reduction, which is consistent with the slightly larger value of 

diffusion coefficient for zinc in mercury (1.8x10
-5

cm
2
s

-1
) relative to zinc(II) in aqueous 

solution (7.03x10
-6

cm
2
s

-1
).  However, as the sweep rate is increased, the normalised 

peak heights for both reduction and oxidation decrease and the peaks separate, consistent 

with an electrochemically irreversible or quasi-reversible reaction.  At the highest sweep 

rate, 1Vs-1, the peak for oxidation is broader and smaller than that for reduction, 

indicating a greater kinetic barrier to zinc-mercury alloy than zinc(II) reduction.  At 
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these sweep rates incomplete re-oxidation is observed within the cyclic voltammogram 

potential limits.    

 

5.2.6 Zinc deposition at liquid mercury electrode during cyclic voltammetry 

 

From the cyclic voltammetric data it is important for bulk deposition studies to 

determine the efficiency of the redox process.  The charges passed during the 

electrochemical processes can be determined by calculating the area under the peaks and 

hence the amount of zinc deposited onto the mercury electrode can be estimated, 

assuming a hundred percent efficiency, Table 5.5. 

 

 Qc 

(mC) 

Qa 

(mC) 

Qc/Qa Zn deposit 

(µg) 

Zn deposit 

(nmols) 

1Vs
-1

 -2.26 1.37 -1.65 0.77 11.73 

500mVs
-1

 -4.67 2.51 -1.87 1.58 24.22 

300mVs
-1

 -6.73 3.39 -1.99 2.28 34.87 

200mVs
-1

 -7.57 4.18 -1.81 2.56 39.23 

100mVs
-1

 -10.94 5.87 -1.86 3.70 56.65 

50mVs
-1

 -15.01 8.28 -1.81 5.12 78.3 

20mVs
-1

 -23.54 15.41 -1.53 7.98 122.0 

10mVs
-1

 -31.69 25.05 -1.27 10.7 164.2 

5mVs
-1

 -39.96 35.47 -1.13 13.1 207.1 

1mVs
-1

 -112.37 102.97 -1.09 38.1 582.3 

 

Table 5.5: Calculated peak charges, Q, for reduction, c, and oxidation, a, for scan rates 

1mVs
-1

 to 1Vs
-1

 for the data in figure 5.10, in deaerated 70mM ZnCl2 (0.1M NaCl) on a 

mercury electrode relative to a SCE. 

 

From these calculated total reduction charges the total amount of zinc metal 

deposited can be calculated, assuming a two electron process, see table 5.5.  It is clear 
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from Qc/Qa, that during the CV scan there is incomplete re-oxidation of the zinc-mercury 

alloy formed at all but the slowest sweep rates. 

 

The surface area of the mercury electrode can be calculated by using the dome 

surface area calculation, A = (π(h
2
 + r

2
)), figure 5.11, where the height of the mercury 

electrode is 0.10cm, the radius is 0.14cm and hence the surface area is 0.10cm
2
, figure 

5.11, and hence using the atomic volume of zinc of an approximation of the number of 

close packed monolayers of zinc deposited at the electrode for each scan can be 

calculated at each separate scan rate, these are given in table 5.6. 

 

Scan Rate 
Monolayers of Zinc 

deposited 

1 Vs
-1

 43. 

500 mVs
-1

 89 

300 mVs
-1

 128 

200 mVs
-1

 144 

100 mVs
-1

 208 

50 mVs
-1

 287 

20 mVs
-1

 447 

10 mVs
-1

 602 

5 mVs
-1

 759 

1 mVs
-1

 2134 

 

Table 5.6: Estimation of close packed monolayers of Zn deposited during cyclic 

voltammetry of 70mM ZnCl2 (0.1M NaCl) at the Hg liquid cathode at scan rates 1Vs
-1

 to 

1mVs
-1

. 

 

It is clear that multiple monolayers worth of Zn are deposited at this 

concentration even at the fastest sweep rate. 
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Figure 5.11: Dimensions of the mercury electrode, 2r = 0.28cm, h = 0.10cm. 

 

5.2.7 Oxidation of zinc at mercury liquid cathode during cyclic voltammetry 

 

Following discussion of the reduction process for the cyclic voltammetry of 

Zn(II) at the liquid mercury cathode during the previous sections discussion of the 

oxidation process would be appropriate.  Returning briefly to Figure 5.5 to discuss the 

oxidation peak Ea
p
, and from Table 5.1, it can be seen that unlike the reduction peak Ec

p
, 

Ea
p
 can be observed as shifting right to less negative potentials with increasing scan rate. 

 

Using Table 5.5 it can be seen that the amount of positive charge (calculated 

from area underneath the CV oxidation peak) is significantly less at all scan rates than 

for the negative charge passed for the reduction process, i.e. less zinc appears to have 

been stripped from the mercury electrode than had been plated.  This difference between 

the zinc deposition and the amount stripped is most likely due to the large oxidative tail 

observable in Figure 5.5 as the potential sweep in the positive direction following the 

oxidation peak itself, indicating that oxidation is still occurring at the end of the cyclic 

voltammetry experiment.  This suggests that a kinetic limitation upon the oxidation of 

the deposited zinc is occurring at all but the very slowest sweep rates. 
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A reasonable hypothesis for this shift in oxidation potential and decrease in 

kinetics is that the deposition of zinc occurs at a greater rate than the diffusion of the 

deposit within the bulk mercury.  In essence, more zinc is depositing at the electrode 

surface than has had time to diffuse away into the liquid electrode and hence this creates 

a very steep concentration gradient with increasing distance within the mercury from the 

electrode surface.  This process would lead to the local concentration at the electrode 

surface reaching a much greater percentage of zinc than within the bulk electrode.  As 

scan-rate increases the likelihood of reaching an atomic percentage of zinc (>30%) 

which forms a solid amalgam becomes more probable, leading to local solid formation 

and markedly different diffusional and oxidation properties.  If this process occurs then 

the solid species would appear to be more stable and oxidise at a potential positive of the 

liquid amalgam oxidation potential. 

 

This observation leads to the prediction that under amperometric bulk 

electrodeposition conditions where the potential is instantaneously jumped to initiate 

mass transfer limited reduction of zinc(II) in solution (section 5.3), the local 

concentration of deposited zinc should be large enough to cause solid formation at the 

surface.   

 

5.3 Amperometric study of zinc deposition upon mercury liquid cathode 

 

5.3.1 Short duration amperometric study of zinc deposition 

 

The cyclic voltammetric study of the zinc upon mercury suggests that despite the 

great solubility of zinc in mercury, mass transport limited deposition from 70mM 

solution should lead to zinc deposition and aggregation at the surface and hence this may 

lead to dendritical zinc deposition.  With the intent of creating surface depositions of 

zinc and studying these structures, chronoamperometric studies were therefore carried 

out.   
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An initial study was undertaken to determine the feasibility of forming zinc 

deposits from 70mM Zn(II) solution at the liquid cathode surface through 

chronoamperometry.  From the cyclic voltammetry data, Figure 5.5, an appropriate 

potential of -1.30V relative to SCE was determined as giving mass transport limited zinc 

electroplating (the fastest deposition of zinc possible).  To this end a small amount of 

zinc was rapidly plated onto the mercury electrode at -1.30V by applying this potential 

for one second, figure 5.12, and the open circuit potential (OCP) was then observed with 

time, figure 5.13.  The open circuit potential is, in effect, the potential at the liquid 

cathode (through which no appreciable current is flowing) which is set by the redox 

reactions occurring at the electrode surface.  In the case of zinc deposited at mercury the 

redox reaction is equation (5), which gives the Nernst equation, equation (6).  As at 

OCP, the concentration of the zinc cation at the electrode surface in solution is constant, 

fixed by the high Zn
2+

 concentration and high background salt concentration (0.1M 

NaCl), changes in potential will be due to changes in the a[Zn(Hg)] term. 

 

 

(5) 

 

(6) 

 

During deposition of zinc, the total charge passed was 2.53mC, which equates to 

857ng Zn (or 13.1nmols).  This total deposition would be equivalent to approximately 

forty eight monolayers if the metal was to deposit uniformly across the electrode surface 

at the same density as zinc metal.  From the cyclic voltammetric data in section 5.2.6 
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this rapid deposition would be expected to result in solid formation at the electrode 

surface. 

 

 

Figure 5.12: Plot showing current time transient for one second deposition of zinc at  

-1.3V from 70mM ZnCl2 (0.1M NaCl) electrolyte onto a mercury liquid cathode. 

 

The resulting Zn(Hg) amalgam was then monitored for its open circuit potential 

with time.  From figure 5.13 it can be seen that the open circuit potential is initially  

-0.95V.  This is a potential similar to that previously observed for redox reaction in 

figure 5.10 which confirms that this potential is determined by the redox reaction of the 

Zn(Hg)/Zn
2+

 couple.  It is clear for these data that this potential is maintained near this 

value for nearly one hour.  This is despite the fact that this amount of zinc deposited is 

small compared to the total volume of mercury.  Hence, the zinc appears to remain 

concentrated at the electrode surface, consistent with solid amalgam formation.  After 

one hour the potential shows a rapid change and after approximately one and a half 

hours the open circuit potential is now +0.06V (equivalent to the Hg/Hg2
2+

 redox couple 

in Cl
-
).  The possible mechanisms for this change in potential over time are clearly 

amalgamation, oxidation or a combination of the two.  As the final potential is near that 

created by the mercury redox couple this does indicate some oxidation processes may be 
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occurring at the electrode surface.  However the stability of this relatively thin 

deposition layer of zinc upon the mercury surface does also imply that the oxidation 

process and amalgamation processes must be very slow. 

 

 

Figure 5.13: Plot of open circuit potential time transient for mercury liquid cathode 

following one second deposition of zinc (-1.3V versus SCE, 70mM ZnCl2 (0.1M NaCl)). 

 

That the potential is stable for a duration approaching one hour after only one 

second of deposition suggests the surface product is both long lasting and stable, as also 

suggested by the long oxidation tail observed in the cyclic voltammogram.  This long 

time period also suggests that the solution degassing performed prior to experiment has 

been effective at minimizing oxidation processes and hence chemical oxidation can be 

neglected as a concern for future discussion.   
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5.3.2 Amperometric study of prolonged zinc deposition on a mercury electrode 

 

By using a carefully positioned digital camera, it proved possible to visually 

monitor the mercury electrode surface and therefore any zinc structures formed on 

prolonged deposition (figure 5.14).  This enabled the deposition of appreciable amounts 

of zinc so that these deposits could be seen by the camera.  On observing over time, the 

structures formed by bulk electrodeposition in these experiments could be determined.    

 

 

Figure 5.14: Image of liquid cathode holder for both cells used within this work, a.) Cell 

A, with sidewall constraint of electrode surface, b.) Cell B, with no constraint of the 

electrode surface. 

 

For the electrode, Figure 5.15.a), the initial open circuit potential was determined 

by impedance techniques as +0.07V.  This value is again consistent with a clean 

mercury surface, with a potential determined by the Hg/Hg2
2+

 redox couple.  A potential 

of -1.30V was then applied for 1200 seconds.  Following plating the system now gave an 

open circuit potential near -1.0V and the surface of the electrode showed a solid grey 

surface deposit, Figure 5.15.b).  After two 3600s periods of deposition at the same 

potential, Figure 5.15.c) and d), were obtained respectively with the open circuit 

potential remaining near -1.0V.  These images clearly show that there are solid deposits 

on the surface of the electrode, which are non-uniform.  Following these deposition 

a) b)
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periods the system was left at an open circuit for three hours with continued observation 

of the electrode surface.  Figure 5.15.e) and f), were recorded at two hours and three 

hours of open circuit measurement respectively.   The volume of zinc deposits upon the 

surface can clearly be seen to be diminished on these extended timescales.  Under close 

observation the deposits appear to be very slowly sinking into the mercury surface, 

though due to the relative densities of the two materials (mercury electrode and 

amalgamated deposit) this observation is likely to be an optical illusion and would be 

better described as amalgamation of the deposits. 

 

a) b)

c) d)

e) f)

a) b)

c) d)

e) f)

 

Figure 5.15: Images showing deposit formation upon mercury liquid cathode over 140 

minutes electrodeposition (a-d) followed by dissolution of dendrite formation into 

electrode (e-f) at open circuit. 
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The mercury electrode system used in this setup (cell A) held the liquid cathode 

in a tube holder that constrains the deposits to remain upon the electrode surface.  This 

setup also results in a greater distance between the working and reference electrode and 

greater currents and hence a greater effect of solution resistance and iR drop.  In cell B, 

the zinc deposits are not constrained to remain upon the liquid electrode, figure 5.16.  In 

this case the zinc forms small apparently dendritical growths, which are mobile across 

the surface of the electrode.  As deposition continues, new deposits appear to push 

previously deposited dendrites off the surface of the electrode and on to the cell floor.  

These observations demonstrate that the zinc deposits are mobile across the surface, and 

as the dendrites can be displaced by newer deposits it appears that the deposition is at 

least after a certain point following a bottom-up plating mechanism occurring at the 

mercury surface rather than upon the pre-deposited zinc.   As an analogue system for the 

deposition of transuranic elements to a liquid cathode in high temperature molten salts 

this system clearly indicates one of the primary concerns for the concept, where 

deposited metals could detach themselves from the electrode before they can be fully 

amalgamated despite a high thermodynamic solubility. 

 

Figure 5.16: Dendritical growth on mercury liquid cathode from zinc deposition.  

 a.) mercury electrode prior to deposition; b.) dendrites displaced from electrode surface 

to cell floor via continued deposition; c.) perturbation of electrode surface caused by 

apparent hydrogen evolution displacing dendrite formation. 

(a) (b) (c) 
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5.3.3 Electrochemical Impedance Spectroscopy of zinc deposition 

 

In a real industrial application of the liquid cathode inside a high temperature 

molten salt system the precise determination of the nature of the electrochemical growth 

could be absolutely critical.  The importance is the prevention of dendritic deposits, 

potentially resulting in loss of material to the chamber or by hazardous shorting of the 

system if the growths became too large.   The solution derived for the room temperature 

system discussed in this work was for an actual visual observation using a digital camera 

focused upon the electrode surface, however this would be technically very challenging 

for an operating nuclear molten salt system.  The aim of this work is to determine 

whether Electrochemical Impedance Spectroscopy (EIS) can be used to monitor 

electrodeposition characteristics and determine the type of electrodeposition occurring.  

Using impedance techniques this work will demonstrate potential diagnostics essential 

to enable better control of the electrode position by determining characteristic 

electrochemical responses indicative of dendritic growth (see section 2.5). 

 

The concept is that by taking short high frequency impedance measurements 

during a plating experiment, figure 5.17, any change in the solution resistance can be 

monitored.  In addition by taking such impedance measurements at the plating potential 

then in a practical application the actual disruption would be minimal enabling real-time 

monitoring.  All studies were performed in cell B to reduce the measured cell resistance.   

In this high frequency region, the EIS response will be dominated by the charging of the 

electrode double layer capacitance in series with the electrolyte resistance.  Such 

behaviour gives rise to a straight line Nyquist plot which can be extrapolated to it’s high 

frequency limit on the Z’ axis to give the solution resistance, Rs. 
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Figure 5.17: High frequency impedance plots with increasing electrodeposition duration 

(0 to 120 minutes), 10 kHz to 1 kHz 5 point measurements at a d.c. potential of -1.5V 

relative to SCE in 70mM Zn(II) solution. 

 

Figure 5.17 shows typical Nyquist plots obtained when carrying out EIS at the 

mass transport limited potential for Zn(II) deposition.  As the duration of the 

electrodeposition of the zinc to the mercury electrode increases, then it can be seen that 

two major changes to the EIS plot are observed.  Firstly, the angle of the plot decreases 

(to be discussed shortly) and secondly the solution resistance decreases (the decreasing 

intercept on the Z’ axis).  The resistance between the working electrode and the 

reference electrode is dominated by the solution resistance, as the electrolyte ionic 

concentration is effectively constant due to the high sodium chloride concentration 

(0.1M) and hence any zinc depletion will have minimal impact on the conductivity.  In 

this case, the act of plating would be expected to have little effect upon the observed 

solution resistance.  As a consequence then the change in the solution resistance can be 

considered to be due to the deposited conductive material itself.  Figure 5.18 shows that 
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the extent of the zinc deposition growing upon the mercury electrode seen visually 

correlates with the decrease in solution resistance, figure 5.19. 

 

 

Figure 5.18: Video captures of deposition growth over two hour zinc deposition from 

50mM ZnCl2 (0.1M NaCl) electrolyte at -1.5V relative to SCE. 

 

Figure 5.19: Plot showing change in solution resistance, Rs, over a two hour zinc 

deposition (-1.5V, 50mM ZnCl2(0.1M NaCl)) as measured using 10kHz to 1kHz 

frequency impedance at -1.5V relative to SCE. 
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During the experiment the solution resistance decreased from an initial value of 

55 ohms to a final value of 30 ohms.  Using the visual image of the final electrode 

surface, Figure 5.20, then the change in distance between the mercury electrode and the 

reference electrode can be estimated.  As explained, above the effect of electrode 

distance and Rs cannot be assumed to be directly proportional, as the resistance is 

determined by both distance and electrode area, and for a dendritic growth both may be 

changing.  In this observation the solution resistance was observed to decrease by forty 

five percent over a period where the working/reference electrode separation decreased 

by thirty nine percent.  This suggests that the EIS response is dominated by distance and 

hence the technique could be a viable diagnostic for determining the length of surface 

growth and hence allow for deposition to be stopped before a critical failure in the 

system can occur.  The dendrites can also be seen to be favourably growing towards the 

reference electrode, most probably as a result of the anisotropic nature of iR drop 

between working electrode and reference electrode.  This is an important observation, 

suggesting that despite the high thermodynamic solubility of zinc in mercury its deposits 

upon liquid mercury are kinetically stable and can produce large lengths of macroscopic 

stable dendritical growth. 
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Figure 5.20: End point deposition upon a mercury liquid cathode showing distances 

between mercury surface and dendritic growth from calomel reference electrode. 

 

A second potential EIS diagnostic for the state of the electrode surface can be 

produced from the first observation of the change in the angle of the Nyquist plot data 

with time, as shown in figure 5.21 and section 2.5.  This change in angle is most likely 

due to the change in the surface structure of the electrode due to dendrite formation.  At 

high frequencies, the angle of the Nyquist plots with respect to the Z’ is 90 x n° where n 

is defined by equation (7), D is defined as the dimensionality or fractal roughness of the 

electrode surface (between 2D and 3D).  For a perfect two dimensional surface the angle 

of intercept should be 90° and for a fully three dimensional surface the angle of intercept 

should be 45°.  In practice the angle of intercept is 90° > n > 45°. 

 

 

(7) 
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2D: Angle of incidence = 90°

a) b)

3D: Angle of incidence = 45°
 

Figure 5.21: a) a ‘perfect’ mercury surface equivalent to near 2D conditions,  

b) significant deposition and growth equivalent to 3D surface conditions.  In practice the 

angle of incident is 90° > n > 45°. 

 

In practice the liquid mercury surface is near 2D (not withstanding any small 

surface contamination with small amounts of surface oxidation bought about before 

deaeration of the solution).  From figure 5.17, it can be seen that the initial impedance 

plot shows an incident angle of eighty two degrees, which, as expected, gives D = 2.10.  

This value is also consistent with the impedance data taken prior to CV investigation 

(see figure 5.2).   During electrodeposition time (figure 5.22), a systematic change in the 

incident angle was observed from eighty two degrees to forty nine degrees.  This final 

angle is indicative of D = 2.84 or a near three dimensional electrode surface, consistent 

with the visual observation of fractal growth.  This indicates, along with the visual 

footage of the electrode surface that the electrode has changed from an effectively two 

dimensional surface to an essentially three dimensional surface.  In the industrial 

situation where actual visual observation of the electrode surface would be precluded 

this observed change could potentially alert the operator to the likelihood of dendritic 

growth.   
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Figure 5.22: Plot showing: a.) the observed high frequency angle of Nyquist plot against 

the duration of electrodeposition of zinc    (-1.5V, 50mM ZnCl2 (0.1M NaCl)), b.) the 

change in the dimensional nature of electrode surface,  extracted from linear fits to 

Nyquist plots of impedance measurements at -1.50V relative to SCE for frequencies in 

the range 10kHz to 1kHz. 

 

By taking simple impedance measurements during electrodeposition upon a 

liquid cathode, this work has demonstrated two potential techniques for monitoring bulk 

electrodeposition and dendritic growth.  By using the observed change in solution 

resistance a diagnostic for dendritic growth between the electrodes has been determined.  

By determining the change in the angle of the Nyquist plot at high frequency for the 

same data, then a diagnostic for increasing dimensionality of the electrode surface has 

a

b

a

b
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been obtained.  It remains to be seen which of these is the more sensitive, or whether a 

combination of both techniques is most appropriate. 

 

5.4 Conclusions and further work 

 

Cyclic voltammetric studies of the electrochemistry of zinc at large area liquid 

mercury cathodes show that the chosen electrochemical setup has considerable iR drop 

and hence correction of this effect upon potential was required before analysis was 

possible.  Having corrected for this, cyclic and convolution voltammetry both show that 

at high zinc(II) concentrations (70mM) appropriate for bulk electrodeposition the 

reduction of zinc(II) at the mercury electrode surface was consistent with a 

electrochemically quasi-reversible two electron process.  In contrast, the electrochemical 

reoxidation of the zinc(mercury) product was seen to depend on sweep rate (timescale) 

of the electrochemical experiment.  A kinetic limitation to reoxidation was evident 

particularly at high sweep rates.  This is consistent with solid, stable, and relatively 

immobile zinc(mercury) product being formed at the electrode surface under these 

conditions.     

 

The observed trend towards more positive oxidation potentials with increasing 

scan-rate supports the supposition of stable solid formation, as faster scan rates would 

inevitably result in a greater local zinc concentration at the mercury electrode surface 

and therefore a greater likelihood of local solid amalgam formation.  As the oxidation 

potential is shifting more positive this would indicate that this solid amalgam formation 

is more stable to oxidation than the deposited amalgam and hence will act as a site for 

further deposition of zinc, resulting in dendritic growth.  The stability of this solid zinc 

amalgam formation was demonstrated by initially rapidly depositing zinc upon the 

mercury electrode, and then monitoring the open circuit potential over time.  The OCP 

was observed to be stable for around one hour following one second of deposition.  The 

importance of this observation is seen in bulk electrodeposition experiments. 
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Amperometric deposition of zinc at the mercury electrode partnered with optical 

imaging of the electrode surface demonstrated a grey solid deposit at the electrode 

surface of apparently dendritical form.  These solid formations are mobile across the 

mercury electrode surface and can be forced from the electrode surface to the 

electrochemical cell floor as more deposition occurs at the mercury surface.  Such a 

system is therefore a good model for prolonged dendritic growth of highly soluble 

metals.   

 

The use of EIS techniques to determine the state of the mercury electrode surface 

in terms of dendritical growth was demonstrated and correlated with optical imaging.  

Using EIS this work demonstrated that the extent of dendritical growth could be 

followed and estimated in terms of deposit length by monitoring during 

electrodeposition the solution resistance component from measured impedance.  This 

solution resistance was determined by rapid high frequency (10kHz to 1kHz) impedance 

measurements during plating.  The experimental data demonstrated that with increasing 

deposition time (correlated by optical images to increase in deposition length), the 

solution resistance decreased proportional to the decrease in distance between the 

working and reference electrode.   From these same impedance data, analysed in terms 

of high frequency angle of the Nyquist plot, a change in the phase angle was observed 

versus deposition time which could again be cross-referenced to optical images of the 

growing electrode surface.  This showed the change in angle was consistent with a 

change from an effective two dimensional liquid mercury electrode surface to an 

effective three dimensional electrode surface, due to fractal growths. 

 

The application of these EIS techniques to high temperature molten salt 

conditions is clear, as in the more aggressive high temperature industrial applications the 

visual monitoring of the electrode surface would be extremely technologically difficult.  

However if electrochemical signals can be used to monitor the surface of the electrode 

the operator will be provided with a safe and easy opportunity to detect and potentially 

avoid hazardous deposition growths on the electrode surface.    
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The change of angle of the impedance plot could be a much more rapid 

indication of surface structures than the monitoring of the solution resistance.  This 

observation is not immediately clear by comparison of figure 5.19 and figure 5.22 

however in a system where the distances between the working electrode and the 

reference electrode could be much greater or where the solution resistance is either 

significantly smaller or larger then a change in solution resistance might not be 

immediately apparent.  None of these effects would impact upon the detection of a 

change in the electrodes dimensionality and hence the change in angle of incident would 

be the first indication of solid growth on the electrode surface.  However once the angle 

has changed from effectively 2D to 3D, little more information can be gleamed about the 

nature of the growth and then the monitoring of the solution resistance will be the 

primary diagnostic, particularly to detect the potential for shorting between the two 

electrodes in the system.  It should be mentioned that growth was preferentially seen 

along the field lines between the electrodes in this work, consistent with conducting 

layer deposition.  Measuring the impedance response between electrodes therefore 

enables the detection of preferential growth between electrodes and the likelihood of 

shorting. 

 

Given the predicted nature of the initial solid formation, it is likely from the 

phase diagram that this solid would initially form at 30% zinc/70% mercury by weight.
10

 

It is also likely that this solid preferentially acts as a site for further zinc deposition.  The 

issue is then whether zinc dendrites or zinc(mercury) dendrites are being formed.   In 

this work, attempts were made to recover samples of the solid deposit in volumes suited 

for structural analysis, unfortunately due to the electrochemical cell design and the 

small, brittle nature of the dendritical formations very little recovery was possible.  The 

recovery of the solid product should be the principle aim with any future work within 

this system, with the goal of determining the structure and composition of the dendrites.  

This could be accomplished by redesigning the electrochemical cell to allow easier 

access for a small sieve to be inserted into the mercury electrode so as to lift out as much 
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surface solid as possible.  Another potential route would be to increase the surface 

volume of the mercury electrode via increasing the diameter of the cathode holder.  

Potentially during long duration bulk deposition significant amount of surface deposits 

could be formed and even induced to detach from the electrode surface to fall to the 

chamber floor for easier recovery. 

 

Within this work the nature of the electrode surface has been correlated to the 

measured electrochemical signals studied under ambient aqueous conditions.  Further 

work should be undertaken to establish whether these techniques will be applicable 

under high temperature molten salt conditions and hence have an industrial application. 

 

 
1
 J.A. Davies, C.M. Hockensmith; Synthetic Coordination Chemistry: Principles and Practice; 1996; 

p296, World Scientific. 

2
 G. Charlot; Qualitative Inorganic Analysis; 2007, p188, Read Books. 

3 
C. Alliot; B. Grambow, C. Landesman; J.  Nucl. Mat.; 2005, 346(1), 32. 

4 N.K. Sarkar, J.–R. Park; J. Dent. Res.; 1988, 67(10), 1313. 

5
 H. Moriyama, K. Moritani, T. Sasaki, I. Takagi, K. Kinoshita, H. Yamana; Recent Advances in Actinide 

Science (Proceedings of the Actinide Conference, Actines 2005); 2005, 545.   

6
 Z. Galus; Pure & Appl. Chem.; 1984, 56(5), 635. 

7
 E.A. Zaharova, G.A. Kataev, L.A. Ignateva, V.E. Morozova; Tr. Tomsk. Gos. Uni.; 1973, 46, 289. 

8
 H. Weingärtner, K.J. Müller, H.G. Hertz, A.V.J. Edge, R. Mills; J. Phys. Chem.; 1984, 88, 2173. 

9
 A.J. Bard, L.R. Faulkner; Electrochemical Methods, Fundamentals and Applications; 1980, J. Wiley and 

sons. 

10
 L.A. Zabdyr, C. Guminski; J. Phase Equilib.; 1995, 16(4), 353. 

 



6.  Electrochemistry of copper on liquid mercury cathode 
 

 143 

 

6 Electrochemistry of copper on liquid mercury cathode 

 

6.1 Introduction  

 

Following the study of zinc (II) electrochemistry at a mercury liquid cathode this 

work investigated the electrochemistry of copper (II) at the mercury cathode.  Zinc, as 

discussed in section 5.2.1, is known to amalgamate to a high concentration with 

mercury; however copper amalgamates to a lesser extent.  The phase diagram for the 

copper mercury system, Figure 6.1,1 also demonstrates that at less than 128ºC copper (0) 

deposits should result in the thermodynamic solid product Cu7Hg6, known as 

Belendorffite at all concentrations (in a liquid mercury cathode).2   

 

To date, there have been few measurements of the bulk electrodeposition of 

copper (0) at liquid mercury and of the nature of the solid products formed.  This is the 

first objective of this work.  The second objective is to study how these solid products 

grow at or in the liquid mercury electrode surface, as a general model of solid metal 

deposition at liquid metal cathodes. 

 

6.1.1 The copper/mercury phase diagram 

 

The phase diagram describes that under ambient conditions the 

thermodynamically favourable alloy composition is Cu7Hg6, this is independent of the 

percent of copper deposited in the liquid mercury.  However the other phase with which 

the Cu7Hg6 exists is defined by the relative composition of the deposited metal.  These 

phases are pure solid copper in region (A) and almost pure liquid mercury in region (B) 

in Figure 6.1.   At low overall copper concentrations the solid Cu7Hg6 would be in an 

equilibrium with a liquid, essentially mercury, environment.  As the density of Cu7Hg6 is 

slightly less than mercury (at 25ºC the densities are 13.15gcm-3 and 13.55gcm-3 
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respectively),3, 4 it would be expected that Cu7Hg6 would collect at the surface of a 

mercury pool.  At high copper concentrations the alloyed deposit would exist in 

equilibrium with solid copper.  Again as the density of copper (8.92 gcm-3) is lower than 

that of mercury, these deposits could take the form of dendritic deposits anchored to a 

solid copper crust over the mercury electrode.  As the proportion of copper deposited in 

to the mercury cathode increases from zero percent (1) in Figure 6.1, then a proportion 

of the deposit would form the Cu7Hg6 solid thermodynamic product which would likely 

form or reside at the surface of a liquid pool of mercury due to the disparity in densities.  

Further copper deposition increasing to above fifty percent by atomic percent, (2) in 

Figure 6.1, will result in the continued formation of Cu7Hg6 but now also the deposition 

of pure copper will occur at the top of the amalgamated cathode.  As these observations 

show, this makes the mercury-copper system ideal for facilitating the design of 

experiment and investigates the nature of solid deposition upon the liquid mercury 

cathode. 

 

Figure 6.1: Phase diagram showing thermodynamic products for the copper-mercury 

system.1 
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At present only one intermediate phase has been discovered in the mercury 

copper system; however the possibility of one or more meta-stable intermediates cannot 

be totally excluded.5,6 The large literature debate over this thermodynamic state has 

centered upon the structure and composition of the phase whose composition can range 

from fifty to sixty percent copper.7,8 Detailed investigations have been investigated 

across the potential compositions CuHg, Cu7Hg6, Cu4Hg3 and Cu15Hg11 even in the 

absence of a single phase sample for analysis.9,10.  A consensus grew towards the 

product being Cu7Hg6 in agreement with the phase diagram shown in Figure 6.1.1,9 

Though some modifications to the phase diagram have been hypothesised including 

increased decomposition temperature of the amalgamated species.9 

 

6.1.2 Implications of chloride chemistry on mercury liquid cathode 

 

The system of choice for this investigation was chloride, the same as for section 

5, to retain consistency with zinc dissolution experiments and similarity to chloride room 

temperature ionic liquids and molten salts.  The investigation of the copper 

electrochemistry system within this chloride system first requires some discussion.  In 

aqueous media the standard reduction potential for Cu2+/Cu+ is +0.153V versus the 

standard hydrogen electrode (SHE).5  

 

Copper can exist in three forms within an aqueous system, as a cupric cation 

(Cu2+), as a cuprous cation (Cu+) and as solid copper (Cu0).11 In general in aqueous 

solutions the stability of cupric ions is high relative to the cuprous ion due to the 

disproportionation of Cu(I) to Cu(II) and Cu(0), and the lower solubility of cuprous 

cation.12,13 However in chloride solutions the cuprous species can form many stable 

soluble complexes with the chloride such as [CuCl]0, [CuCl2]
-, [CuCl3]

- and  

[CuCl4]
2-.11,13,14 The nature of complexation of the cupric ion in chloride is more 

controversial however.  At reasonable chloride concentrations Cu2+ is considered to not 

form complexes, whilst at higher concentrations (>2M) of chloride some complexes are 
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thought to be present.15,16 The increased stability due to Cu+ complex formation 

therefore increases the Cu2+/Cu+ redox potential and can thus greatly increase the 

oxidative nature of the copper chloride solution.11,17 This complexation effect increases 

the standard reduction potential to between -0.73V and -0.90V vs.  SHE in the aqueous 

chloride system.18 

 

As the standard reduction potential of the Cu2+/Cu+ redox couple is greatly 

increased the oxidative nature of the copper (II) chloride system upon the mercury 

electrode should be apparent.  It can be seen that by considering the standard reductions 

for Cu2+/Cu+ in a non-chloride electrolyte (1) and in a chloride electrolyte (2) as well as 

for Hg/Hg2
2+ (3), that the spontaneous oxidation of the mercury electrode will not occur 

within non-chloride aqueous systems (4) as ∆E
θ is negative and ∆G = -nFE

θ is positive, 

however within the chloride system it will occur (5) as ∆G is negative. 

 

 

(1) 

  

(2) 

  

(3) 

  

(4) 

  

(5) 

 

In chloride this spontaneous chemical oxidation of the mercury electrode by the 

copper (II) species should result in the formation of a solid Hg2Cl2 calomel film on the 
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mercury electrode surface.  This therefore mimics the chemical reaction one would 

expect in the electrodeposition of electropositive metals.   

 

The study of the chemical and electrodeposition reactions was therefore 

undertaken using the experimental design in 5.2.4, which allows for the optical study of 

the liquid cathode surface via a magnified digital image from an aligned camera.   

 

6.2 Copper electrochemistry upon liquid mercury cathode 

 

6.2.1 Chemical oxidation of liquid mercury pool by copper (II) in chloride solution 

 

In comparing the mercury electrode in the zinc electrolyte and that in the copper 

electrolyte, figure 6.2, it can be seen that in the zinc system the mercury electrode 

appears relatively free of solids, whilst for the electrode in the copper electrolyte a white 

powder can be seen to be forming upon the electrode surface.  If the mercury electrode is 

allowed to rest in solution for progressively longer times, figure 6.3, then this white 

powder can be seen to be forming a noticeable skin across the mercury electrode 

effectively covering the active electrode surface. 

 

 

Figure 6.2: Image of mercury pool in 5mM ZnCl2 electrolyte from Figure 5.14. 
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Figure 6.3:  Calomel formation upon mercury electrode in 5mM CuCl2 solution after:  

a.) 1 minute, b.) 20 minutes, c.) 40 minutes and d.) 60 minutes. 

 

Open circuit measurements were collected throughout this experiment, figure 

6.4.  From figure 6.4 the open circuit potential was measured as +0.092V versus SCE.  

This value compares well to a potential of +92.5mV at 25°C for 0.1M potassium 

chloride and saturated potassium chloride solutions for the saturated calomel electrode.19 

This confirms that this potential can be attributed to the calomel electrode potential and 

hence the expectation of the immediate formation at the electrode surface of Hg2Cl2 is 

also confirmed.  From figure 6.4 it can be seen that the open circuit potential is stable 

with time indicating that the potential is essentially independent of Hg2Cl2 film 

thickness. 

 

a) b)

c) d)

a) b)

c) d)
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Figure 6.4:  Plot of open circuit potential versus time for mercury liquid cathode in 

CuCl2 (5mM) solution, 0.1M NaCl, versus SCE. 

 

6.2.2 Cyclic voltammetry study of copper upon mercury liquid cathode 

 

To investigate the chemical oxidation of the mercury electrode and its 

implication towards the deposition of copper, cyclic voltammetry experiments were 

undertaken (thorough degassing using argon was carried out of all solutions used during 

experiments to minimise the effects of O2 oxidation).  Attempts at producing CV’s for 

thick calomel surface films were problematic due to a large amount of iR drop, a result 

of the increasing resistance of the calomel covered electrode surface.  A typical cyclic 

voltammogram for a thinner surface film is shown in figure 6.5 on contacting at 0V and 

sweeping negative.  This shows a clear reduction peak near -0.2V, and a continuous 

reduction current of around -0.5mA is observed until at -1.1V a reduction wave is seen.  
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For the backwards sweep a nucleation loop is observed, the reduction current increases 

with greater reductive current seen in the wave near -1.1V for all potentials, followed by 

a small oxidation wave due to Hg2Cl2 formation.  

 

Figure 6.5: CV of CuCl2 (7mM) at a liquid mercury cathode vs.  SCE, 100mVs-1.   

 

The minimal reproducibility of the cyclic voltammograms for the Cu/Hg system, 

due to the complications of working in a chloride media with associated calomel film 

formation, means that any more in-depth discussion of figure 6.5 must be considered as 

tentative.  However following the example of C.P. de Leon at al,17 some discussion of 

the data may be undertaken. Figure 6.6 shows a closer view of the region 0V to -1.2V.  

The sharp peak at -0.2V (figure 6.6.A) is designated as the reduction of the calomel film 

upon the electrode surface, this peak is followed by a plateau commencing at -0.22V 

(figure 6.6.B) which corresponds to the reduction of Cu+ to Cu0,17 a subsequent plateau 

of twice the reduction current should now be observed corresponding to the reduction of 
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Cu2+ to Cu0,11 however the current instead decreases whilst still remaining reductive 

(figure 6.6.C) until the solvent window is reached at -1.2V and hydrogen evolution 

occurs (figure 6.6.D).  It should be noted that the reduction potential for hydrogen is 

significantly more positive than was observed within the ZnCl2 electrolyte system 

(chapter 5), the implications of this observation will be discussed in more detail in 

section 6.3.1. For the backward sweep a wide reduction peak can be observed at -0.88V, 

the peak has a slow decrease in current following its maxima and has been designated as 

the reduction of Cu2+ to Cu0 combined with the reduction of Cu+ (figure 6.6.E).  At -

0.28V a plateau is apparent (figure 6.6.F), which is the reduction of Cu2+ to Cu+, which 

was obscured during the forward, scan by the reduction of calomel.   

 

As the reduction between cupric and cuprous is now visible it can be assumed 

that by cycling the electrode above the calomel reduction peak that the electrode surface 

has been subsequently cleaned of the solid precipitate.  At the end of the backwards 

sweep an oxidation current is now apparent at -0.05V (figure 6.6.G) with signs of 

multiple peaks suggesting the reverse of the single electron processes detailed above is 

occurring.   
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Figure 6.6: Close-up of CV (Figure 5) of CuCl2 (7mM) at a liquid mercury cathode vs.  

SCE, 100mVs-1. 

 

These consecutive single electron-steps for the reduction of the copper species 

are consistent with the current understanding of the process of copper deposition in 

chloride media.  The reduction of Cu2+ can either be a single two-electron or two  

one-electron processes.  In the presence of chloride ions the reduction of Cu2+ can follow 

two single electron reduction steps (6) and (7) due to the stability brought to the cuprous 

cation by the highly complexing chloride ion along with the reduction of the Cu2+ (8).11   

 

 

(6) 

 

A 

B 

F 

G 

E 

C 

D 
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(7) 

 

(8) 

 

From figure 6.6 it appears that a potential of -0.3V would result in the reduction 

of the calomel film on the electrode surface and hence provide a route to a clean 

electrode surface for electrochemistry.  This approach proved successful, figure 6.7, and 

was hence applied for 30 seconds immediately prior to all experiments to be discussed 

within this work.  The duration of the electrode cleaning stage was determined optically 

as an open circuit measurement would merely indicate rapid and spontaneous calomel 

film production. 

 

 

Figure 6.7:  Image of clean mercury electrode surface during reduction at -0.3V versus 

SCE. 

 

 



6.  Electrochemistry of copper on liquid mercury cathode 
 

 154 

6.2.3 Amperometric study of copper deposition upon mercury liquid cathode 

 

The copper system was studied amperometrically as an investigation into what 

deposition mechanisms and structures could be observed.  From cyclic voltammetry 

study of the copper/mercury system seen in figure 6.6 it was concluded that an 

amperometric potential of -1.00V would be applied for the deposition experiments.  This 

potential would be significant enough to ensue that all of the reductive processes related 

to the copper deposition would occur, i.e.  the reduction of Cu+ to Cu0 and Cu2+ to Cu0 

whilst avoiding electrolyte reduction, see figure 6.6.   At -1.00V the electrodeposition of 

copper would be expected to be not under electrochemical control.  The electrolyte 

concentration of copper (II) chloride was increased from 7mM to 100mM so as to 

enhance bulk deposition rates and amounts of deposition. 

   

 

As for the study into the zinc system, the deposition of the copper was studied 

both via measuring the current time transient and optically using the digital camera with 

the aim of correlating the physical observation of electrodeposition with the 

electrochemical measurements.  Investigation was carried out using the experimental 

electrochemical cell, section 3.3.1. 

 

For a standard deposition at a liquid cathode an expected current time transient 

would show an initial sharp peak (double layer charging) which would rapidly decrease 

to a limiting current which is now representative of the mass transport of 

electrochemically active material to the electrode surface.   

 

The current time transient for long duration copper deposition, figure 6.8, shows 

a much more complex process is occurring at the electrode surface.  It can be seen that 

following the initial double layer charging spike, the current settles at an essentially 

steady state value (more clearly shown in experimental data used for figure 6.9).  

Typically, there are some stochastic deviations in the current in this region likely due to 
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perturbations caused by changing composition at the mercury electrode surface.  This 

region is designated region A.  In region B, the current slowly increases with time before 

rapidly increasing, in this case at 5200 seconds.  In region C the current time transient 

shows consecutive rapid loss in the magnitude of the current before recovery to near its 

previous value.  The current observed in figure 6.8 is markedly larger than that for the 

CV data shown in figure 6.6, which is consistent with concentration dependent 

deposition of copper.    

 

Figure 6.8: Current time transient for copper deposition upon liquid mercury cathode at  

-1V vs.  SCE with 100mM CuCl2/0.1M NaCl aqueous electrolyte. 

A 

B 

C 
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Figure 6.9: Early-time currents for another copper deposition experiment upon liquid 

mercury cathode at -1V vs.  SCE in 100mM CuCl2 electrolyte in region A. 

 

The deposition of the copper is occurring at a potential of -1.00V, intentionally 

designed to result in the reduction of copper (II) at the electrode surface being entirely 

diffusion limited, as determined by the cyclic voltammetry, figure 6.6.  This assumption 

can be confirmed using a similar method as in section 5.2.3 where the current and 

diffusion coefficients were connected to calculate the limiting concentration of the 

process when the system is deemed to be limited by the diffusion of the Cu2+ ion in the 

electrolyte.  From literature the diffusion coefficients of Cu2+ in aqueous chloride 

solutions at room temperature are in the range 4.1-7.4 x 10-6 cm2s-1.17 From the 

discussion of Fick’s first law of diffusion (see section 2.6) equation (9) can be derived, 

where the steady state current, copper diffusion coefficients and limiting concentration 

can be related via the diffusion layer thickness, xD.    

 

The relation between diffusion coefficient and diffusion layer thickness is 

demonstrated in equation (10).20 From figure 6.9 the time taken for the double layer 

charging to reach steady state current was in the order of 0.5 seconds, meaning that the 

diffusion layer thickness is equivalent to D½, equation (12).  Substituting the values for 
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the minima and maxima of the literature range diffusion coefficients for copper (II) and 

the other parameters, equations (12) and (13), gives the concentration range of 76.2mM 

to 102mM.  This agrees well with the electrolyte concentration of 100mM copper 

chloride, confirming that this initial steady state current is due to the mass transport 

limited diffusion of the copper species to the electrode interface. 

 

  

(9) 

 

(10) 

 

(11) 

 

(12) 

 

 (13) 

 

Since for a mass transport limiting current the current density at the working 

electrode must be constant (stirred) or falling then the growth in the current seen in 

Region B can be seen as an effect of a substantially decreasing diffusion layer 
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(impossible) or an increasing surface area.  The effect of increasing surface area is 

clearly seen visually (figure 6.10), where the electrode area can be seen to be increasing 

with deposition time. 

 

 

 

Figure 6.10: Images of dendrite growth to go along with amperometry a) 0 seconds, b) 

300 seconds, c.) 4500 seconds, d.) 6000 seconds. 

 

In the final region of the amperometric plot, figure 6.8.C, rapid losses and 

restoration of the current can be observed.  These sharp spikes appear to correlate with 

the images, figure 6.11, of significant fractal growth of the deposit upon the electrode 

surface.  These copper deposition structures can be demonstrably seen as being 

substantially greater in size than those observed for zinc deposition.  This observation 

can be translated into the conclusion that the dendritical growth observed is unlikely to 

be broken by solution turbulence or hydrogen evolution (see later, section 6.3.1).  The 

a) b)

d)c)

a) b)

d)c)
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sharp peaks in the current time transient could be a representative of loss of dendrite to 

the system through fracturing, a decrease in diffusion fields as two fractal growth tips 

meet or possibly by some occurrence resulting in a decrease in active sites on the fractal 

growth.  It is hard to understand how such effects would lead to rapid oscillations in 

current from high to near zero values.  Section 3.3.1 will present further discussion of 

the nature of the structures formed and the origins of this effect.   

 

 

Figure 6.11: Images of deposition growth on mercury cathode a) prior to region C, b) 

post region C. 

 

The current time transient system observed for this system potentially provides 

another diagnostic technique for the observation of these fractal growths under closed 

cell conditions where the fractals cannot be discreetly observed.  It should be observed 

that this is not the current time transient as shown for the zinc system that follows the 

more classical asymptotic decay towards a steady state current.  This diagnostic, which 

is consistent across many experiments, can therefore only be considered as indicating the 

occurrence and growth on the electrode of large dimension and stable dendrites.   

  

a) b)
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6.3 Study of electrodeposited growths 

 

6.3.1 Deposition structures through copper amperometry on mercury cathode 

 

The amperometric deposition of copper upon the liquid mercury cathode can 

result in strikingly large deposition structures.  Some formations can reach a height 

greater than two centimetres from the original surface of the mercury electrode.  In the 

zinc/mercury system the mobility of the solid deposits upon the electrode surface meant 

the loss of this material to the chamber floor was likely before any significant length of 

growth could occur. 

 

The stability and fixed locations of the dendrites within this system can be 

attributed to the unexpected and rapid change in the appearance of the mercury electrode 

after even short durations of copper deposition.  From figure 6.12, it can be seen that the 

mercury pool starts to appear to flatten at its interface with the electrolyte, figure 6.12.c, 

as deposition continues the electrode starts to noticeably change shape, developing more 

linear faces as the pool starts to solidify.   
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Figure 6.12: Change in appearance and nature of mercury cathode with increasing 

periods of copper deposition a) 0 seconds, b) 100 seconds, c) 200 seconds, d) 300 

seconds. 

 

If the electrode is removed at points (c) or (d) the mercury copper amalgam 

appears as a homogeneous granular thick paste which retains very little of the fluid 

characteristics of the mercury electrode (figure 6.13).  During this period of deposition, 

where the mercury electrode starts to develop linear features, the transfer of mercury 

from bottom to top of the electrode container occurs, with an observation of less 

mercury at the base of the cathode holder (figure 6.14).    

 

a) b)

c) d)

a) b)

c) d)
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Figure 6.13: Recovered mercury cathode following 300 seconds of copper deposition a.) 

10x image, b.) 200x image. 

 

 

Figure 6.14: Mercury cathode pulling away from side of electrode holder and lifting 

with continued copper deposition. 

 

As the electrode material lifts and solidifies the electrolyte can now flow around 

the mercury electrode and can reach the tungsten connector used to connect to the liquid 

electrode.  This often results in a small amount of hydrogen evolution which can be 

trapped underneath the electrode material and start to lift it from the tungsten connector.  

The evolution of hydrogen would be expected at a more positive potential on tungsten 

than for the mercury cathode due to the high hydrogen over-potential which is a 

a) b)a) b)
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recognised aspect of mercury electrodes.  In some cases, this gas pocket once formed 

rapidly lifted the electrode until it finally caused a separation between the electrode and 

the tungsten connector and a cessation in electrodeposition, figure 6.15.   This separation 

and lifting rarely occurred within this investigation to the extent of effectively 

disconnecting the electrode as seen in the current-time transient shown in figure 6.8, 

however some gas formation under the electrode formation was generally observed 

during the initial stages of deposition.  Figure 6.15 clearly demonstrates the worst case 

scenario of a disconnected electrode, the transfer of mercury from bottom to top of the 

electrode holder with only a small portion of mercury remaining in the bottom 50% of 

the cathode holder. 

 

 

Figure 6.15: Image of mercury cathode lifting from tungsten wire connector. 

 

For the majority of the deposition experiments (where the electrode didn’t lift 

from the tungsten connector during this initial period of copper electrodeposition) then 

the process could continue.  Increasingly large solid electrode dendritic formations could 

be seen to form, which could be seen to show significant fractal nature, figure 6.16.   
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Figure 6.16: Fractal growths of deposit upon liquid mercury cathode. 

 

It is generally accepted that fractal aggregation arises in situations far from 

thermodynamic equilibrium where high driving forces lead to the generation of  

fractals.21, 22 In the past few years a model known as diffusion limited aggregation 

(DLA) has been successfully developed to interpret this ramified growth of different 

systems, typically controlled by diffusive processes.13-25 Within the electrochemical 

deposition of metallic fractals, if the diffusion of the material through the perimeter of 

the electrode/deposit boundary is prohibited or negligible then the result will be the 

formation of ‘classical’ or ‘fern’ dendrites;26 such fern growth is illustrated in figure 

6.17.   From the video obtained by the camera focussed upon the electrode, the growth 

could be seen be centred at the tips of the fractal growths, figure 6.18, characteristic of 

‘fern’ fractal growths (as opposed to ‘moss’ growth were growth is less clearly defined 

across the electrode, as a certain amount of anisotropic perimeter mobility is allowed).  

As the growth continues the occurrence of gas evolution amongst the fractal growth can 

be seen to become more apparent until eventually the structure appears to cease growing 

and hydrogen evolution becomes the dominant reaction at the electrode surface.  The gas 
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evolution observed once significant fractal growth has occurred is the likely culprit for 

the sharp losses of current used as a diagnostic for the current time transient.    

 

 

 

Figure 6.17: Two dimensional illustration of fern fractal growth Diffusion Limited 

Aggregation a) 1st iteration, b) 2nd interaction, c) 3rd iteration, d) 4th iteration.27 

 

 

a b

c d

a b

c d
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Figure 6.18: Growth at fractal tip demonstrated over time at two independent sites (blue 

and red) over increasing deposition time (a to f). 

 

On removing the electrode and accompanying growths from the cell following 

electrodeposition, the fractal formations could be seen to be entirely solid, whereas the 

core material still contained small volumes of apparently liquid mercury or amalgam.  

The fractal structures were extremely brittle, however it was possible to gather some 

samples for a closer inspection, figure 6.19 and 6.20.  The images show a mostly grey 

solid with some reflective nature to its surface, occasional branches of the solid appeared 

to be a red brown colour likely demonstrating the occurrence of a small amount of 

oxidation within the system, with the formation of a copper (I) oxide. 

 

a b c

d e f

a b c

d e f
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Figure 6.19: Magnified images of deposition growth recovered from electrochemical 

cell; a) 50x image, b) 200x image. 

 

 

Figure 6.20: 200x magnification of recovered electrodeposition growth. 

 

The oxidation of the fractal branch tips of the deposits, figure 6.20, suggests that 

the deposit at these points could be approximated as a pure copper solid, rather than the 

a) b)a) b)
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amalgamated product of Cu7Hg6.  This conclusion can be reached by the lack of any 

observed red formations within the lower portions of the dendritic structures and the 

latent stability of the amalgamated product itself.  The presence of unamalgamated 

copper at the extremes of the fractal growth (the effective endpoint of growth as 

hydrogen evolution becomes the dominating electrochemical process) could indicate that 

the growth of the fractal is limited by the transport of the mercury component.  As the 

mercury is consumed from its original liquid pool into supporting the deposition of the 

large Cu7Hg6 growth then either the distance which the mercury atoms have to migrate 

has either become too great or the inevitable depletion of unalloyed mercury has 

occurred.  At which point the deposited copper atoms will no longer have available 

mercury atoms to alloy with and hence the occurrence of pure copper deposit.  As has 

been discussed previously the fractal growth within this structure can be characterised as 

a Diffusion Limited Aggregate and hence the tips of the fractal branches can be 

considered as ‘active’ sites, where the electrodeposition will occur.  As the evolution of 

hydrogen occurs at a more positive potential, in the region -0.7 V to -0.9 V relative to 

SCE, 28,29 than for the mercury electrode (figure 6.5), then as the active sites become 

more akin to a copper surface than an amalgamated site the production of hydrogen gas 

will become more favourable than the deposition of copper.  Hence region C in figure 

6.8, as a bubble of hydrogen forms and grows at an active copper site it effectively 

insulates the electrode from the electrolyte.  This results in a rapid loss in current which 

is then restored once the hydrogen bubble has fully evolved and been released from the 

electrode surface.  This electrochemical process when magnified across the total active 

sites on the fully grown fractal deposit is the cause of the rapid losses and restoration 

upon the current time transient.    

 

Belendorffite’s appearance from mineral deposits has been characterised as being 

white, black or yellow.2,30 Though the overwhelmingly most common deposit seen 

within these experiments was a black solid, an occasional dendrite displaying some of 

the yellow characteristics of Belendorffite was observed, figure 6.21.  No white solid 
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was observed in the electrodeposited structures under discussion potentially due to the 

process by which they are constructed. 

 

 

Figure 6.21: Database and experimental images of Belendorffite; a.) Found at Landsberg 

Mt.  Obermoschel, Rhineland-Palatinate, Germany,30 b.) 200X magnification of dendrite 

deposited on liquid mercury electrode, c.) another dendrite at 200X magnification 

following deposition upon mercury. 

 

6.3.2 Structural analysis of fractal deposition growth 

 

In an attempt to clarify the nature of the dendritical formations and therefore 

shed light upon the mechanism of deposition, samples were taken of the dendritic 

formations for powder X-ray diffraction analysis.  As the fractal formations were easier 

to harvest from the cell with less risk of damage than the bulk of the electrode (which 

also still apparently contained some small pockets of mercury) it was these fragments 

that were analysed.  The difficulty in recovering fully intact dendrites from the 

electrochemical cell and the volume of material recovered precluded an attempt at single 

dendrite investigation and hence determined the analytic route of grinding the sample in 

to a powder. 

 

The diffraction data, figure 6.22, was achieved using a CuKα radiation source  

(λ = 1.554056 Å).  The solid formation from the copper deposition was determined to 

crystallise in the rhombohedral crystal system with space group R3m.  The unit 

a b ca b c
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parameters are a = b = c = 9.4120 (1) Å and α = β = γ = 90.4011 (6) °, the structure 

was refined giving a final R-factor of 3.78 %. 

 

 

Figure 6.22: X-ray powder diffraction pattern for fractal tips deposited on to mercury 

electrode. 

 

The crystal parameters were compared to literature listings for crystal patterns, 

with a resulting match to the rare naturally occurring mineral Belendorffite.2,31 

Belendorffite is the copper mercury solid amalgam, Cu7Hg6, which is the suggested 

thermodynamic product in the phase diagram, figure 6.1.  A suggested cell diagram is 

shown in figure 6.23, and a packing diagram, figure 6.24.  However there remains 

considerable debate about the true configuration of the mineral.32  

 

As of present, two copper amalgam with the composition Cu7Hg6 have been 

obtained from mineral deposits, Belindorfite2,32 and Kolymite.33,34 The latter mineral is 

described as having a cubic structure a = 9.414(2) Å,34 the former as rhombohedral,  

a = 9.4082(4) Å and α = 90.472(5)8, leading current thinking to suggest that the species 

is dimorphous.2 Unfortunately the diffraction pattern data gathered for the sample shown 

in figure 6.22 could not be resolved completely to provide any greater insight. 
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Figure 6.23: Cell diagram for copper mercury amalgam growth. 

 

 

Figure 6.24: Packing diagram for copper mercury amalgam growth. 
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Due to the lack of full understanding about the formation of the thermodynamic 

product and the structure of Belendorffite within the research community, the formation 

of the compound electrochemically retains substantial interest.  The mechanism of the 

formation of the amalgamation and the factors limiting the size of the deposition 

structure is very much a topic of great import.    

 

The dendritical solid gathered from the copper deposition for X-ray powder 

diffraction analysis were harvested from the areas of growth furthest from the mercury 

cathode.  The distance between the top of the deposition structure and the original 

boundary to the mercury electrode is typically approximately two centimetres, with the 

samples taken for x-ray diffraction analysis recovered from the top 5mm of structure.  

There therefore remains the question of how the mercury is transported from the liquid 

pool to the active sites at the growing tips allowing for the formation of Cu7Hg6 in a 

fractal formation.  Several mechanisms present themselves.  The first is simple atomic 

exchange, where each copper deposited results in every copper atom in a fractal branch 

displacing one atomic position towards the mercury pool freeing existing mercury atoms 

at the branch tip to alloy to an incoming copper atom.  Secondly, mercury liquid can 

itself creep up the climbing frame lattice presented by the growing fractal dendrites to 

provided unreacted mercury at the growth perimeter.  And thirdly, oxidised mercury 

from the liquid pool and solubilised within the electrode vicinity can co-deposit 

alongside the copper to form the mineral species.     

 

Within this work no definitive experiment was undertaken to provide conclusive 

evidence upon these mechanisms.  However from observations of recovered fractals no 

liquid mercury was observed in quantities of relative magnification (x200).  The 

solubility of Hg2
2+ is very low, hence its use in the saturated calomel reference electrode.  

This precludes the likelihood of their being large enough concentrations of mercury 

within the electrolyte to facilitate the deposition of an alloy such as Cu7Hg6 at the 

diffusion limited growth rates which such a deposition mechanism would require.            
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6.4 Conclusions and further work 

 

The amperometric deposition of copper upon the liquid mercury cathode can 

result in strikingly large deposition structures.  Some formations can reach a height 

greater than two centimetres from the original surface of the mercury electrode; this 

clearly would be a hazard for a true nuclear waste recovery process as discussed 

previously, with excessive growth potentially contacting the electro-refining cell wall or 

the counter electrode.  The system demonstrated here with copper deposition upon the 

mercury, where the solid dendritic deposits are immobile would demonstrate a greater 

hazard compared to the zinc deposition upon the mercury.  In the zinc/mercury system 

the mobility of the solid deposits upon the electrode surface meant the loss of the 

material to the chamber floor was likely before a hazardous length of growth could 

occur.  The change in the nature of the liquid cathode from liquid to solid with 

increasing percentage copper highlights the technical and economic hazards if such a 

system was to be introduced into an industrial process. 

 

The occurrence of such a large solid deposition upon a liquid cathode can be 

observed using the current-time transient as a diagnostic.  As the surface area of the 

electrode increases inevitably with the growth of the deposition structure, then the 

current measured also increases, maintaining a constant current density.  In the case of 

the mercury/copper system, as the liquid mercury pool is consumed by amalgamation 

with the deposited copper, the rate of transport of mercury to the growth boundary is 

limited and hence sites of unalloyed copper occur.  These active sites of pure copper 

allow the evolution of hydrogen to become the more favourable reduction process and 

thus the deposition of the copper ceases and gas evolution occurs.  The production of the 

gaseous hydrogen cause temporary passivation of the copper active sites resulting in a 

sharp drop in the observed current until the release of the hydrogen congregation to the 

solution results in the restoration of the current.  Though this observation may be unique 

to the mercury liquid cathode it is more likely that such a mechanism will exist with 

other liquid cathode systems which have an alloying capacity with the reduced metal 
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species.  So the observation of sharp drops and increases in the current-time diagnostic 

for a liquid cathode application by the operator can be assumed to be indicative of the 

effective consumption of the original liquid metal species and hence the end of the 

process. 

 

The deposition growth occurring at the tips of the deposition, the appearance of 

the deposition and the existence of the copper deposition sites indicate that the growth 

mechanism is for a fractal Diffusion Limited Aggregation.  The fractal nature of the 

solid allows for the significant size of growth due to the large void volume within the 

structure.  The fractal material was identified as the mercury amalgamated mineral 

Belendorffite, Cu7Hg6, via X-ray powder diffraction shown in figure 6.22.  The 

diffraction data provided good evidence to support the phase diagram, figure 6.1, that 

the thermodynamic product Cu7Hg6 is the only stable amalgam at room temperature.  It 

was shown that at room temperature electrodeposition, the product was the Belendorffite 

mineral form of Cu7Hg6, with no evidence to indicate the presence of the Kolymite 

mineral form.      

 

 
1 D.J. Chakrabarti, D.E. Laughlin; Bull. Alloy Phase. Diag., 1985, 6(6), 522. 
2 H.-J. Bernhardt, K. Schmetzer; N.Jb.Min., 1992, 1, 21. 
3 M.M Carnasciali, G.A. Costa; J. Alloys.Compd., 2001, 317-318, 491. 
4 C. Norris, D.C. Rodway, G.P. Williams, J.E. Enderby; J.Phys.F:Met.Phys.,1973, 3, 182. 
5 M.M. Carnasciali, G.A. Costa; J.Alloys Compd., 2001, 317–318, 491. 
6 E. Lugscheider, G. Jangg; Z. Metallkunde, 1971, 62, 548. 
7 T. Lindahl, S. Westman; Acta Chem. Scand., 1969, 23, 1181. 
8 T. Lindahl, Ä. Pilotti, S. Westman; Acta Chem. Scand., 1968, 22, 748. 
9 T. Massalski; Binary Alloy Phase Diagrams, 2nd Edition, ASM International. 
10 E.A. Markova, N.M. Chemitsova, Yu.S. Borodaev, L.S. Dubakina, O.E. Yushko-Zakharova; Z. Vses. 

Min.. Obsh. (trans.); 1980, 109, 206. 
11 M. Lundström, J. Aromaa, O. Forsén, L. Haavanlammi; Acta. Met. Slov., 2007, 3, 447. 
12 R. Winard; Hydrometallurgy, 1991, 27, 285. 
13 O. Herreros, J. Viñals; Hydrometallurgy, 2007, 89, 260. 



6.  Electrochemistry of copper on liquid mercury cathode 
 

 175 

14 M. Lundström, J. Aromaa, O. Forsén, O. Hyvärinen, M.H. Barker; Hydrometallurgy, 2005, 77(1-2), 89. 
15 J.M. Berger, R. Winard; Hydrometallurgy, 1984, 12(1), 81. 
16 M.D. Collings, D.M. Sherman, K.V. Ragnarsdottir, Chem. Geol., 2000, 167(1-2), 65. 
17 C.P. de Leon, F.C. Walsh; Trans.  Inst. Met. Fin., 2003, 81(5), B95. 
18 R. von Bonsdorff, N. Järvenpää, J. Aromaa, O. Forsén, O. Hyvärinen, M.H. Barker; Hydrometallurgy, 

2005, 77(1-2), 155. 
19 L. Meites; Handbook of Analytical Chemistry, McGraw-Hill. 
20 A. J.  Bard, L. R.  Faulkner; Electrochemical Methods, Fundamentals and Applications; 1980, J. Wiley 

and sons. 
21 Z. Ji, H. Li, Y. Liu,W. Hu, Y. Liu; Nanotechnology, 2009, 19, 1. 
22 A.L. Barabasi and H.E. Stanley; Fractal Concepts in Surface Growth, Cambridge: Cambridge 

University Press. 
23 R.M. Brady, R.C. Ball; Nature, 1984, 309, 225. 
24 M. Wang, S. Zhong, X.B. Yin, J.M. Zhu, R.W. Peng, Y. Wang, K.Q. Zhang, N.B. Ming; Phys. Rev Lett, 

2001, 86, 3827. 
25 H. Shin, M. Liu; Chem. Mater., 2004, 16, 5460. 
26 H. Brune, C. Romalnczyk, H. Roder, K. Kern; Nature, 1994, 369, 469. 
27 http://aziarts.com/AIR/Fractal1.html accessed on 21 April 2009, 15.00. 
28 R.M. Hernández-R, M. Kalaji; J. Electroanal. Chem., 1997, 434,215. 
29 I.V. Kreizer, N.M. Tutukina, I.D. Zartsyn, I.K. Marshakov; Protection Met., 2002, 38(3), 226. 
30 http://www.mindat.org/min-608.html accessed on 21 April 2009, 18:00 
31 T. Lindahl, S. Westman , J. Alloys Compd, 1969, 23, 1181. 
32 N. Katoh; Z. Physik. Chem.; 1929, B6, 27. 
33 C. Cipriani, G.Mazzetti; Eur.  J. Mineral., 1989, 1, 719. 

 

 



7.  High temperature liquid cathodes 

 

 175 

 

7 High temperature liquid cathodes 

 

7.1 Introduction 

 

Within this work electrochemical deposition at a liquid mercury cathode has 

been demonstrated for two fundamentally different deposition systems; the zinc system, 

which shows small mobile dendritic formation and the copper system which shows large 

essentially static fractal growth.  Two diagnostics, the decrease in solution resistance 

with time and an increase in current with time, were shown to indicate fractal growth.   

This was independently confirmed optically under ambient conditions for this liquid 

mercury cathode in a transparent cell.   

 

These observations were developed with the intent of developing techniques for 

monitoring surface plating in the more aggressive experimental conditions of molten salt 

systems.  For this purpose these diagnostics were investigated within a high temperature 

lithium-potassium chloride eutectic molten salt, which is the system proposed for 

electroplating in the current development of the Integral Fast reactor.  Of course, the 

mercury liquid cathode would be impractical for the required elevated temperatures; the 

liquid cathode to be investigated was chosen to be bismuth, which has a melting point of 

271°C and hence is a practical choice for this molten salt which operates at or around 

500°C.   The expectation of the high temperature molten salt system being similar to that 

of the ambient aqueous system is somewhat supported by discussion in section 1.7 of the 

similarity between diffusion coefficients for species in both the electrolyte and the liquid 

electrode, as shown in Table 1.3.  This similarity in diffusion coefficients is mirrored by 

the similarity of the viscosity of the chloride molten salt and aqueous electrolytes as 

shown in table 7.1. 
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Solution Temperature, °C Viscosity, cPa Ref. 

H20 20.0 1.0020 
1 

 20.0 1.0016 2 

 25.0 0.89020 
1 

0.1M NaCl(aq) 24.0 1.0005 
3 

 28.1 0.9164 
3 

LiCl 800.0 0.80 
4,5 

KCl 800.0 1.02 
4,5 

NaCl 800.0 1.03 6 

LiF-NaF-KF 700 2.9 
7,8 

LiCl-KCl 700 1.15 
8,9 

LiCl-RbCl 700 1.30 
8,9 

NaCl-MgCl2 700 1.36 
8,10 

KCl-MgCl2 700 1.40 8,10 

 

Table 7.1: Date showing viscosities for aqueous solutions and a selection of high 

temperature molten salt systems under consideration within the nuclear industry. 

 

Chloride salts are in general, very low viscosity melts.  They do not exhibit large 

changes in viscosity with salt composition and are less viscous than most fluoride salt 

mixtures.
8
 Thus the LiCl-KCl molten salt electrolyte will be used further in this research 

as at its elevated temperatures it correlates well with the aqueous system. 

 

Due to these elevated temperatures, there is real difficulty in manufacturing an 

optically accessible experimental setup for the observation of molten salts.   It was 

therefore not possible in these initial experiments to confirm electroplating behaviour 

optically.    
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7.1.1 Experimental design for liquid cathode in a molten salt system 

 

Due to the corrosive nature of the molten salt electrolyte and the required 

elevated temperature the set-up for the high temperature liquid cathode experiments 

differed greatly from that of the ambient mercury liquid cathode experiments and 

required a significant amount of development.  This electrochemical system was 

designed to be used by Nexia Solutions to enable parameterisation of molten salt 

electroplating for the industrial process.  The development of these experiments was 

therefore undertaken in collaboration with Nexia Solutions, along with sample 

preparations and some electrochemical experiments. 

 

The high temperatures and corrosive qualities of LiCl/KCl eutectic molten salt 

require a more robust electrochemical cell than the simple glass cells used for the 

mercury experiments.  As the long term goal of this development is to attempt to 

optically monitor the deposition process a transparent electrochemical cell was 

developed (figure 7.1) made out of quartz.  For the industrial application of 

electroplating and selective metal removal, the liquid cathode should be easily removed 

for product recovery.   Therefore, the experimental bismuth liquid cathode holder in the 

cell was designed to be self-contained and extractable.  For this purpose a ceramic liquid 

cathode holder was used, as this was thought to provide sufficient durability.   In 

addition, the quartz electrochemical cell was of sufficiently large volume and 

sufficiently expensive that semi-disposable crucible inserts were required to contain the 

molten salt experiments.   These were again chosen to be ceramic.  Of course both the 

crucible and liquid cathode holder were not transparent, which precludes optical 

measurement of electroplating in these initial experiments.   

 

The electrodes and connectors are shown in figure 7.1.  The Ag/AgCl reference 

electrode and tungsten connector for the bismuth liquid cathode are both muffled with 

ceramic tubes to insulate the materials from the molten salt electrolyte, figure 7.2.  The 
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tungsten connector was spring loaded within the muffle so that the connector could be 

pressed to the bottom of the cathode holder firmly ensuring that the ceramic cover would 

extend beneath the electrode surface and hence fully insulate the connector from the 

electrolyte.   

 

Figure 7.1: Schematic of high temperature molten salt cell for investigation of bismuth 

liquid cathode. 

 

Cell lid with 4 Swagelok  
entry ports 
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Figure 7.2: Image showing tungsten cathode connector and reference electrode in-situ in 

electrochemical cell, with the electrodes covered by a ceramic muffle.   

 

These experiments were carried out at elevated temperatures using a clam-shell 

furnace, which provided a large area working zone of even temperature for the 

electrochemical cell, figure 7.3. 

 

 

Figure 7.3: High temperature electrochemical cell positioned in calm-shell furnace. 
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The bismuth electrode was purified and prepared at Nexia Solutions within a 

glove box under an argon atmosphere.  As discussed previously, the absence of moisture 

from molten salt experiments is of critical importance, for this reason the bismuth 

electrode was first cleaned to avoid the transfer and release of contaminants into the salt.  

The electrode was cleaned by bringing the metal into contact with the LiCl/KCl eutectic 

at 500°C (when both were in their molten phase) in the above electrochemical cell.   In 

this experiment, water and oxides should dissolve into the bulk eutectic.   To facilitate 

this, the bismuth was stirred using a tungsten rod to maximise contact between the entire 

bismuth pool and the molten salt.  Solid surface contaminants on the bismuth were 

removed by running a platinum wire mesh over the surface of the molten metal and 

sieving the materials away.   

 

The open circuit potential (OCP) of the bismuth electrode was then measured 

with respect to an Ag/AgCl (1%wt) reference electrode in fresh eutectic, Figure 7.4.  It 

was observed that the open circuit potential remained stable at -0.116V, suggesting some 

small amount of surface oxide or contamination but that otherwise the electrode was 

relatively clean.   Following this purification process, the molten materials were cooled 

back to room temperature and the salt was separated from the electrode under argon and 

discarded.  The bismuth was then left to dry under vacuum for twenty four hours before 

fresh LiCl-KCl eutectic was added to the cell, which was then sealed under argon prior 

to experiments or for shipping to Edinburgh. 
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Figure 7.4: Open circuit potential for bismuth liquid cathode with respect to Ag/AgCl 

(1%wt) reference in LiCl-KCl molten salt eutectic at 500°C. 

 

The initial redox material to be investigated within this liquid bismuth cathode 

research was La
3+

/La, using a lanthanum trichloride salt as the source.  Lanthanum was 

chosen as the material for initial investigations due to availability and its relatively low 

toxicity when compared to uranium, plutonium and the other transuranic elements of 

interest.  Lanthanum also has a high reduction potential with respect to uranium (see 

figure 1.12) and hence allows for the limits of the system to be investigated and by that 

nature to show that the more toxic but lower reduction potential materials could also be 

deposited.   
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7.2 Electrochemistry of lanthanum in molten salt eutectic 

 

7.2.1 Cyclic voltammetry of La
3+

/La in the molten salt system  

 

Initial investigations into the system were carried out using solid electrodes as 

working and counter, with the aim of investigating the purity of the salt and deriving a 

simpler picture of the deposition of lanthanum without any interpretation of alloying 

effects needed.  The LiCl-KCl molten salt was procured by Nexia solutions in sealed 

capsule, reportedly pure and free of water contamination 

 

Initial CV’s were undertaken using the LiCl/KCl molten eutectic and two solid 

tungsten electrodes, one as working and the other as counter with a silver/silver chloride 

reference electrode, figure 7.5.   The CV shows a wide solvent window with a sharp 

reduction and oxidation peak at -2.5V and -2.25V respectively, which is representative 

of lithium deposition and stripping upon the tungsten electrode.  However, despite the 

sealed eutectic capsules being sold as being free from contamination, these CVs can be 

seen to show some redox activity within the window, particularly near -1.5 V which 

could be attributed to contamination within the molten salt, suggesting that the 

purchased LiCl-KCl eutectic was not fully decontaminated and contained for example, 

water impurities.  Due to the presence of the liquid bismuth cathode situated at the 

bottom of the electrochemical chamber it was decided that the electrochemical cleaning 

technique discussed in section 4, where using electrochemical techniques the molten salt 

can be ‘dried’ in situ, would be inappropriate as the possibility of critically 

contaminating the bismuth would be high if insoluble oxides were formed.   Hence it 

was decided to accept this level of contamination within the molten eutectic. 
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Figure 7.5: Cyclic voltammogram for W electrode versus Ag/AgCl (1wt%)  in LiCl-KCl 

molten salt at 500°C, scan rate of 100mVs
-1

. 

 

Following the addition of lanthanum chloride (7mM) to the molten eutectic, 

figure 7.6, two predominant peaks were observed; at -1.75V the reduction peak 

attributable to lanthanum reduction and at -1.5V the associated oxidation peak.  As the 

deposition and stripping of the metal is occurring at the solid tungsten electrode and not 

onto a liquid cathode both peaks appear an unconventional shape for plating/striping at 

solid electrodes where a significantly sharper peak with current rapidly decreasing to 

zero following the peak current, for stripping in particular, would be expected instead of 

the almost symmetrical peak observed.  The sharp drop and lack of reduction current 

below -1.8V is also uncharacteristic of plating.  An example of the expected shape for 

the plating/stripping peaks is seen in figure 7.5 around -2.25V versus Ag/AgCl where 



7.  High temperature liquid cathodes 

 

 184 

the reduction and oxidation of lithium is occurring.  The strange peak shape for the 

lanthanum reduction and oxidation is likely due to competing influence of the 

electrochemical processes for the salt contaminants. 

Figure 7.6: Cyclic voltammogram for La
3+

 at W electrode versus Ag/AgCl (1wt%)  in 

LiCl-KCl molten salt at 550°C, scan rate of 100mVs-1. 

 

7.2.2 Cyclic voltammetry of La
3+

/La at a liquid bismuth cathode 

 

In this experiment, a fresh molten salt cell was prepared as described previously 

and a CV was run upon the bismuth electrode prior to addition of the lanthanum 

chloride, figure 7.7.  This CV shows a reductive current passing in the same fashion at  

-1.2V and with a broad oxidation peak at -1.15V, these reductive and oxidative waves 
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are consistent with figure 7.5 showing the background CV at the tungsten electrode.  

This indicates that the fresh molten salt still contains significant amounts of 

contamination.   

 

Figure 7.7: Cyclic voltammograms at Bi electrode versus Ag/AgCl (1wt%)  in LiCl-KCl 

molten salt at 550°C, scan rate of 100mVs-1. 

 

Following identification of the La
3+

/La redox couple within the LiCl/KCl 

eutectic molten salt upon a tungsten working electrode, figure 7.6, the bismuth liquid 

cathode was connected as the working electrode.  The CV, Figure 7.8, clearly 

demonstrates an oxidation peak which can be seen at -1.05V; however the reduction 

peak is less clearly visible, with a reductive current increasing in linear fashion from  

-1.20V onwards.  The shape of the reduction peak suggests that the system is showing 

significant iR drop which due to the high conductivity of the molten salt electrolyte 

indicates that there is significant oxidation of the bismuth electrode.   
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Figure 7.8: CV of 7mM La3+ at on Bi liquid cathode vs.  Ag/AgCl (1%wt) in LiCl-KCl 

at 500°C at 100mVs
-1

.    

 

The effect of the bismuth liquid cathode contamination is an unfortunate degree 

of resistance of the order of one ohm.   The combination of the iR drop and the 

contamination of the electrolyte make the observation of the lanthanum reduction 

difficult.  However a small shoulder to the reductive wave can be seen at -1.38V, from 

literature the reduction potential for La
3+

 at a bismuth liquid cathode relative to Ag/AgCl 

(1%wt) is -1.25V.11 Due to the significant iR drop present in the CV, the shift in peak 

potential can be easily explained and the shoulder can be assigned to the lanthanum 

reduction.  Due however to the reduction reaction occurring at similar potential to the 

contaminant reduction (or effects of contaminant) there exists an inequality of 
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reduction/oxidation charge (not simply La3+/La reaction) and so this designation is 

tentative.   

 

During these investigations the electrochemical cell proved very fragile and 

significant damage occurred to numerous cells during chamber cooling procedures 

following experiments, figure 7.9.  Due to the lack of resources it was decided to move 

the experimental focus from the cyclic voltammetric investigation of the lanthanum 

reduction and to concentrate upon chronoamperometric electrochemistry with the aim of 

best utilising the sole remaining intact chamber.   As there was little opportunity neither 

to further purify the LiCl-KCl molten salt electrolyte for intended use nor to address the 

resistance issues demonstrated within the cyclic voltammetric investigation it was 

decided that from figure 7.8 a reduction potential of -1.4V would be sufficient to ensure 

the deposition of the lanthanum would be mass transport limited.    

 

 

Figure 7.9: Image showing transparent quartz cell following fracture of interior ceramic 

crucible following chamber cooling period resulting.   
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7.2.3 Amperometric study of lanthanum upon bismuth liquid cathode 

 

The cyclic voltammetric investigation of the electrochemistry of lanthanum upon 

the liquid cathode was hampered by experimental setup and molten salt purity issues and 

did not show good La3+/La redox properties upon the electrode.  However, it was 

decided to try and study bulk La electrodeposition, with the express aim of using the 

diagnostic methods for deposition growth developed under the ambient temperature 

mercury system to see whether similar bulk electrodeposition was occurring.   

 

The phase diagram for lanthanum/bismuth mixtures is shown12 in figure 7.10.    It is 

clear that the melting point of La-Bi mixtures becomes greater than 550 
0
C when less 

than 10 atom% of La is added.
13

 If the local concentration of La exceeds this value 

during electrodeposition, then it would be predicted that there will be a proportion of 

solid material remaining at the surface of the bismuth during electrodeposition and 

dendrite formation may occur.  The phase diagram shows great similarity to that of 

copper in mercury under ambient conditions, see figure 6.1, where moderate depositions 

of approximately 10% La by atomic weight should result in the formation of solid 

thermodynamic alloy products.  At greater deposition amounts of approximately 65% 

atomic weight or greater the formation of pure lanthanum solid would be expected.  In 

this case, the application of diagnostic techniques such as those developed in section 

5.3.3 could prove most productive in monitoring dendrite growth, by observing the 

increasing current with time for surface area increases or decreases in solution resistance 

from impedance measurements due to decreasing distance between electrodes during 

dendrite growth. 
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Figure 7.10: Phase diagram for lanthanum in bismuth.12    

 

Due to manufacturing and time constraints the same experimental setup was used 

as for the cyclic voltammetry.  As the cyclic voltammetry investigation was unable to 

clearly demonstrate a suitable deposition potential for lanthanum upon bismuth, open 

circuit potential analysis was used.  To the bismuth liquid cathode a potential of -1.3V 

was applied for 30 seconds, following which the open circuit potential was monitored 

for 1800 seconds, figure 7.11.  The potential can be seen to slowly drift positive from  

-1.1V before increasing in rate at which a rapid change in potential can be seen between 

800 and 1200 seconds at which point the potential change decreases in rate and at 1800 

seconds of OCP the potential is becoming more positive in a linear fashion and has 

reached a value of -0.4V.  It can be expected that if the OCP had been followed for a 

longer duration then the potential would have reached a point equivalent to that for the 

bismuth electrode, figure 7.4.     
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Figure 7.11: OCP of Bi electrode following 30 seconds deposition of lanthanum at -1.3V 

vs.  Ag/AgCl (1%wt) in LiCl-KCl at 500°C. 

 

From the understanding gathered from the open circuit potential and from the 

cyclic voltammetry it was decided that a suitable potential for deposition would be  

-1.4V, to ensure that a diffusion controlled deposition process could occur.   

 

A freshly prepared molten salt electrochemical cell was prepared again at Nexia 

Solutions with 7mM lanthanum chloride for the deposition experiments, before being 

sealed under argon and shipped to Edinburgh University.   A current time transient was 

taken amperometrically on applying a potential of -1.4V to the bismuth working 

electrode, figure 7.12.  The current passed decreased to its steady state limit of -1mA 

within five hundred seconds, where it remained for the extent of the experiment.  During 

the experiment impedance measurements were taken at regular five minute intervals 
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(these data will be discussed later).  The shape of the current time transient follows the 

classical form of diffusion limited electrodeposition, as indicated by plotting the current 

time transient for the initial four seconds of amperometric deposition as a Cottrell plot 

(equation 2.24) shown in figure 7.13, where following the initial double layer charging 

current, the first 0.8 seconds,  follows an essentially linear relationship with the inverse 

square root of time.  This demonstrates that unlike the copper/mercury system that the 

deposition of lanthanum upon liquid bismuth does not result in a significant increase in 

surface area and hence it can be assumed that any solid formations are not fractal in 

nature.     

Figure 7.12: Current time transient for electrodeposition of La at Bi liquid cathode at a 

potential of -1.4V vs.  Ag/AgCl (1%at) in LiCl-KCl molten salt at 500°C. 
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Figure 7.13: Cottrell plot of chronoamperometric data for the electrodeposition of La at 

Bi liquid cathode. 

 

At no stage on the current time transient can rapid fluctuations of the magnitude 

of the current be observed, which were characterised within the ambient temperature 

system as caused by gas evolution between fractal branch growths.  From this 

observation it can again be concluded that this lanthanum deposition did not produce 

stable fractal growth.   When the solid tungsten counter electrode was removed from the 

cell there were clear signs of significant oxidative damage to the metal, figure 7.14.  It is 

assumed that this damage to the electrode is a result of chlorine gas evolution at the 

electrode surface, as well as a red crystalline solid which is likely tungsten trichloride.  

However in the real industrial application of this system the anode material will be 

composed of the spent nuclear fuel to be reclaimed, the anode will not be inert and hence 

there should be less chlorine evolution. 
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Figure 7.14: Images of oxidative damage to molybdenum electrodes following 

electrochemical experiments. 

 

Figure 7.12 illustrates that the diagnostic technique for observing fractal growth 

showed none of the indicative factors to suggest that this growth is occurring.  The 

aggressive nature of the high temperature molten salt system under these liquid cathode 

conditions was demonstrated with further failures in the integrity of the electrochemical 

cell.  These repeated failures curtailed further experimentation upon the system and 

further necessitate the need for optical observation of the system, if only to monitor the 

health of the components.   

 

7.2.4 EIS diagnostic to monitor deposition of lanthanum upon liquid bismuth 

 

During the amperometric experiment demonstrated in figure 7.12 regular high 

frequency (10kHz to 1kHz) impedance measurements were taken.  These data were used 

to investigate the change in solution resistance; the diagnostic discussed in section 5.3.3 

developed using the zinc/mercury ambient system.  As for the previous use of this 

diagnostic the impedance measurements were taken at the same potential as the 

amperometric experiment so as to maintain the integrity of the deposition process. 
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Figure 7.15 shows the change in solution resistance with each subsequent five 

minute interval measurement.  The decrease in resistance is most clearly demonstrated in 

figure 7.16.  As the plating duration increases it can be seen that the solution resistance 

rapidly decreases for the first thirty minutes of the deposition before the change becomes 

more sedate showing an almost linear plot for the remainder of the deposition time of the 

experiment.   

Figure 7.15: Plot showing rapid EIS for frequencies (10kHz to 1kHz) at -1.4V vs.  

Ag/AgCl (1%wt) in LiCl-KCl molten salt at 500°C during 120 minute electrodeposition 

at 20 minute intervals. 
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Figure 7.16: Plot showing change in solution resistance over deposition time for 

electrodeposition of La at Bi liquid cathode in LiC-KCl molten salt at 500°C. 

 

The plot of solution resistance versus plating duration for lanthanum upon liquid 

bismuth is very similar to that for the zinc upon liquid mercury system, figure 5.17.   

However in this case it can be seen from figure 7.15 that the angle of incidence for the 

high frequency impedance does not change significantly in the high temperature case, 

figure 7.17,  which would be indicative of a change in nature of the electrode surface 

(i.e.  from a near two dimensional to three dimensional surface).  This observation is to 

be expected with consideration of the previously noted open circuit potential of the 

bismuth, figure 7.4, and the lengths to which bismuth must be cleaned prior to use.  

Consequentially liquid bismuth is much more likely to present an electrode surface more 

akin to 3D prior to deposition than mercury which can be considered to be under ideal 
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conditions a perfect 2D surface.   However it can be seen from figure 7.17 that the 

Nyquist angle of incident is effectively constant at approximately 33°, this is outside the 

expected theoretical range of 45° to 90° dependent on dimensional nature of the 

electrode surface.  This angle would in fact give a dimensional value of closer to 4D 

which is of course impossible.  This discrepancy is perhaps explained by the existence of 

a surface species component to the measured resistance which affects the EIS 

measurements.  This would again highlight the ineffectual purification of the system and 

in particular the purchased molten salt electrolyte.   As a further comparison to the 

aqueous system it should be observed that the solution resistances observed in the high 

temperature molten salt system are an order of magnitude lower.  This could be due to a 

combination of increased bismuth electrode surface area and the high conductivity of the 

eutectic.      

Figure 7.17: Change in angle of incident of rapid EIS measurements for La
3+

 deposition 

on bismuth with respect to plating duration. 
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In total during the two hour plating experiment the solution resistance decreased 

approximately ten percent from 3.75ohms to 3.40ohms.  With the ambient system 

equivalent the percentage change in solution resistance was roughly equivalent with 

similar percentage decrease between working and reference electrodes resulting from a 

fractal growth of deposit, figure 5.19.  This could suggest a ten percent decrease in 

electrode distance within the high temperature system.  Attempts to confirm this 

suspicion by recovery of any solid formations at the end of the deposition experiment 

proved fruitless due to the fragility for the deposits and the lengthy time required 

bringing the molten system to safe temperatures for handling.  The change in solution 

resistance in terms of deposition growth is however only one possible explanation.  The 

robustness of this explanation would depend predominantly on the assumption of the 

similarity with the Zn/Hg system and that the starting electrode and electrolyte are 

essentially clean, which they are not.  This means that potentially the decrease in 

resistance measured, of which the predominant factor is nominally solution resistance, 

could have a significant component derived from a resistance due to surface 

contamination of the bismuth electrode.  During the electrodeposition experiment a 

surface contaminant could be reduced and hence demonstrate a decrease in resistance, 

this could only be ruled out as potential mechanism by significantly improving the 

purification of this system prior to deposition to demonstrate a clean electrode surface.   

An attempt to recover the liquid cathode so as to examine the electrode surface for 

growth was unsuccessful as during the cooling process the cell was damaged and much 

of the eutectic and material was lost. 

 

7.3 Future work on high temperature molten salt system for liquid cathodes 

 

Due to the brief duration of allotted experimental time for collaboration with 

Nexia Solutions upon this experiment, along with the fragility of the experimental 

design, further attention could be well invested into the cyclic voltammograms 

investigation of the La
3+

/La
0
 redox couple.  Meaningful electrochemical characterisation 

of lanthanum electrochemistry on the bismuth liquid cathode was significantly hampered 
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by contamination of the molten salt electrolyte.  The LiCl-KCl salt was purchased by 

Nexia Solutions already prepared to its eutectic composition (41:59 at.%) and reported 

by vendor (Aldrich) as purified.  The electrochemical results discussed within this work 

indicate that the salt has not been purified sufficiently and hence will require more 

treatment before addition to the liquid cathode electrochemical cell.   Investigating 

further purification of the molten salt via the electrolysis method as discussed in section 

4, would greatly benefit the ability to fully characterise and hence control the high 

temperature molten salt system for liquid cathode research. 

 

Further development of the experimental setup is clearly required, with 

significant damage associated with the experiments undertaken in particular with the 

cooling of the electrochemical cell post-measurement.   The trial of the electrochemical 

diagnostics for deposition growth into the high temperature system proved demonstrated 

a tentative agreement with the zinc/mercury system as shown by the small decrease in 

solution resistance over time as measured by EIS technique, figure 7.16.  The reduction 

in the solution resistance is potentially also a result of increasing effective surface area 

of the liquid bismuth electrode due to progressive removal of surface contaminants 

rather than any dendritic growth and in the absence of any noticeable change in the 

Nyquist angle, figure 7.17, and hence change in dimensionality no real conclusions can 

be drawn.  Alongside the fragility of the electrochemical setup and experimental 

difficulties experienced within this investigation and the lack of any associated visual 

data to relate the solution resistance and Nyquist angle data to, we are unable to confirm 

whether the lanthanum/bismuth system in high temperature LiCl-KCl molten salt system 

is akin to the aqueous zinc/mercury system or copper/mercury system.  Further 

understanding could greatly benefit from even minimal optical observation in situ, for 

this purpose a gold sputtered quartz furnace was acquired, figure 7.18.  The furnace 

appears see-through under the correct lighting conditions and should allow a limited 

amount of observation of the electrode surface.  A trial involving a bismuth loaded high 

temperature cell was undertaken, figure 7.19, however the optics available were 

unsuitable for this proposed application.     
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Figure 7.18: Gold sputtered quartz furnace made transparent with use of halogen lamp. 

 

 

Figure 7.19: Images of bismuth liquid cathode in LiCl-KCl molten salt at 500°C in 

transparent quartz furnace. 

 

With visual confirmation of the deposition of lanthanum upon the liquid bismuth 

cathode the conclusions derived from the electrochemical diagnostics could be either 

confirmed or refuted.  A significant future aim would be for the recovery of a portion of 

the lanthanum-bismuth alloy or deposit for x-ray powder diffraction.  The significant 

difficulties of this proposition however will make this feat quite technically difficult.   

This process will have to be considered in depth before a liquid cathode could be used in 

a high temperature industrial scenario as this is at the end of the day, the major aim of 

the technology, to recover material. 
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7.4 Conclusions 

 

A system for the study of a liquid cathode in a high temperature lithium-

potassium chloride molten salt was designed and manufactured in collaboration with  

Dr.  Angela Jackson from Nexia Solutions.  The system was designed to incorporate 

four electrodes, two solid tungsten rods with the potential application of electrochemical 

cleaning of the molten salt, a liquid cathode and a silver/silver chloride reference 

electrode.  The chamber suffered considerable strain during the experimental 

investigations and had to be repaired numerous times.  This was to some extent a 

product of the design but primarily was a consequence of the aggressive nature of the 

molten salt and the conditions under which a liquid cathode experiment must be 

undertaken.  With varying molten materials within a chamber the differing expansion 

coefficients at temperature result in a system prone to failure during heating and cooling 

stages. 

 

Despite the repeated failures brought about by critical failures within the 

electrochemical cell a study of the La3+/La0 redox couple was undertaken both on a 

tungsten working electrode and a liquid bismuth liquid electrode.  The study upon the 

solid cathode demonstrated a molten salt which was incompletely purified despite using 

salt capsules which were sold as pure, however consideration of the experimental setup 

led to the conclusion that it was necessary to avoid electrochemical purification within 

these experiments for fear of contaminating the liquid cathode.  The lanthanum redox 

couple was successfully found by CV near -1.75V on tungsten but demonstrated a 

reduction/oxidation peak shape which deviated from the typical sharp plating/stripping 

peaks as would be perhaps expected upon a solid inert electrode surface, likely to be a 

consequence of the unresolved contamination of the molten salt electrolyte.  The cyclic 

voltammograms for lanthanum on bismuth proved more inconclusive with potential 

difficulties associated with the overhead connection to the liquid cathode (mostly 

fragility of the spring loaded connector rod) and potentially the signal being masked to 
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some extent by the background electrolyte.  Due to continued failures with the 

electrochemical cell further analysis was discontinued with the aim of preserving 

remaining cell chambers for amperometric and impedance investigations. 

 

The electrochemical diagnostics developed within the zinc-mercury ambient 

system and the copper-mercury ambient system were used upon the lanthanum-bismuth 

high temperature system as a means to diagnose the impact of deposition upon the 

electrode surface when optical observation was unavailable.    

 

The current time transient diagnostic was developed to observe whether the 

system follows a classical diffusion limited current transient or whether the current 

increases.  This would demonstrate a growth in the surface area of the electrode and 

indicate high surface area growth i.e.  fractal dendritic growth was occurring.  In this 

high temperature system the current time transient followed the classical shape and 

coupled with the lack of rapid fluctuations in the transient it could be determined that the 

lanthanum was not forming a fractal deposit with the bismuth.   

 

The second diagnostic developed used simultaneous rapid high frequency 

impedance measurements through the plating duration to monitor changes in solution 

resistance.  This change in solution resistance is an indicator of the extent of solid 

deposition upon the surface of the electrode and could be used to warn an operator of 

dangerous amounts of fractal surface deposits.   For the lanthanum-bismuth system this 

approach agreed closely with that developed on the zinc-mercury system, and showed a 

ten percent decrease in solution resistance.  In the zinc system this percentage drop in 

solution resistance could be optically confirmed to compare favourably with the 

percentage decrease in the distance between cathode and reference electrode.  If the 

lanthanum-bismuth system was directly comparable and the current time transient 

suggests it might be, then this would indicate that during the high temperature 

experiment the distance between electrodes was decreased by approximately ten percent 

due to fractal growth.   However without visual confirmation this cannot be confirmed 
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and attempts to recover any dendritic structures were unsuccessful.  However by 

comparing the two diagnostic techniques the system can be concluded to be more akin to 

the zinc-mercury system than the copper-mercury system.  This means that it is probable 

that the lanthanum will form relatively small mobile structures upon the electrode 

surface rather than large stable fractal dendrites.  The current in this discussion is the 

effect of impurities in the molten salt system, which remains unquantified. 

 

Due to significant barriers imposed by repeated cell failures further 

investigations were not undertaken.  Nevertheless with a more durable cell chamber and 

with use of a transparent furnace and cleaned molten salts further investigation can be 

carried out and would ideally confirm the nature of the lanthanum deposits and 

potentially recover material for further analysis. 
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8 Conclusions and further work 

 

Within this work the development of ambient aqueous condition liquid cathodes 

as analogue systems for high temperature liquid cathodes for molten salt systems has 

been investigated.   

 

Through cyclic voltammetry and subsequent Tafel analysis of the convoluted 

cyclic data, diffusional limitations upon the deposition of zinc onto/into a mercury 

cathode were demonstrated via experimentally derived diffusional coefficients.  The 

cyclic voltammetric data for the zinc(II) reduction at the mercury electrode demonstrated 

a reduction process entirely consistent for an irreversible two electron process, whilst the 

reoxidation of the zinc was dependent upon the sweep rate of the electrochemical 

experiment.  This suggests that at high current density with a large rate of zinc 

deposition at the mercury electrode interface, a large concentration of zinc is established 

at the electrode/electrolyte interface within the liquid metal pool as opposed to the 

formation of a homogeneous amalgamated phase.  A consequence of this locally high 

concentration is the creation of localised concentrations of zinc greater than the 

solubility of the zinc within the liquid amalgam phase and thus the formation of solid 

deposits.  These solid deposits increase the local viscosity and act as sites for nucleation 

and growth.  This is a local kinetic effect, as the solid formed during growth can dissolve 

into the bulk mercury with time.   

 

A combination of visual observation using a digital microscope and camera and 

bulk amperometric electrodeposition of zinc at the mercury electrode, confirmed the 

formation of the predicted solid deposits.  These solid deposits appeared to be of a 

dendritic character and were mobile across the electrode surface.  One impact of this 

mobility was the loss of solid material to the electrochemical chamber floor with 

increasing deposition duration, consistent with ‘crowding’ of the surface by distinct 
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solid deposits.  The risk of loss of material from the electrode surface is of critical 

import to the transfer of liquid cathode technology to high temperature 

pyroelectrochemical reprocessing of spent nuclear materials, as the loss of material 

would result in a significant decrease in efficiency for the recovery process, as well as 

being potentially hazardous.  The ability to monitor the electrode surface without using 

visual observation is therefore of substantial value as a means of developing diagnostics 

to monitor the control and retention of the desired recoverable materials.  

Electrochemical Impedance Spectroscopy was used to develop two such diagnostics 

tools for estimating the extent of surface deposition growth by integration of rapid high 

frequency impedance measurements into a bulk deposition process.  The impedance 

measurements demonstrated a decrease in solution resistance with increasing deposition 

duration.  For this dendritic solid deposit growth the percentage decrease in resistance 

was then correlated using optical measurement with the percentage decrease in distance 

between the electrode surface and the reference electrode.  A second method developed 

for the rapid analysis of impedance measurements as the change in phase angle with 

increasing deposition time.  This indicates a change in surface morphology between a 

two dimensional mercury surface and a three dimensional amalgamated surface with 

solid dendrites.  The potential application of such electrochemical techniques to the high 

temperature system is clear, where the need for a deposition process to be halted or its 

rate decreased as necessary, could be determined by monitoring one or both of these two 

surface parameters and hence preventing a critical loss of material or equipment failure.   

This work therefore opens up potential applications in high temperature 

electrodeposition worthy of further study. 

 

The study of copper electrodeposition upon the mercury liquid cathode presented 

a very different type of electrodeposition and growth mechanism to the zinc system.  

The electrodeposition of copper resulted in strikingly large solid fractal formations 

orders of magnitudes greater in size than those observed for zinc deposition with little or 

no mobility across the electrode surface.  This is consistent with lower concentrations of 

electrodeposited copper required for solid alloy formation than for zinc as would be 
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expected from their respective phase diagrams.  The size of dendrite formation would 

make the uncontrolled and unobserved bulk electrodeposition a sizeable risk for critical 

equipment failure if such growth was observed on a high temperature molten salt liquid 

cathode system where the chamber dimensions and electrode separations are typically 

significantly more constrained than for the ambient aqueous condition chamber.    

 

The occurrence of such significantly sized deposition structures could be 

monitored via the current-time transient collected from amperometric bulk deposition.  

As the surface area of the electrode increases dramatically, so does the measured current.  

The solid formed was, from powder x-ray diffraction analysis, determined to be a 

mineral called Belendorffite, Cu7Hg6.  Thus a significant transport of mercury atoms is 

required to the fractal growth sites of the electrode for this deposition.  At long times, 

bubble formation was observed at the growing fractal tips coincident with interruptions 

with the observed current.  As mercury transport becomes inevitably limited by the 

consumption of the liquid pool, deposition is likely to be near pure copper.  These 

copper active sites allow the evolution of hydrogen to become the most favourable 

electrochemical process giving rise to bubble formation which supplants further 

deposition and growth.  The production of the hydrogen bubbles at these active sites 

disrupts electrode contact with the electrolyte, resulting in sharp decrease in the 

observable current whilst the hydrogen bubbles are present.  This is a limiting factor to 

copper deposition and solid growth.  In this case the observation of sharp drops and 

increases in the current-time diagnostic for the liquid cathode can be assumed to be 

indicative of the effective consumption of the original liquid metal species and hence the 

end of the process.  Although hydrogen gas formation is specific to the aqueous 

mercury/copper system, such changes in the composition and reactivity of the 

electrodeposited material from prolonged electrodeposition are likely for all alloying 

systems.   

 

The application of these developed diagnostics to high temperature liquid 

cathodes is one which deserves further research.  Study of these applications for a high 
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temperature liquid bismuth cathode in a molten salt system was limited, as a result of 

significant experimental and technical difficulties.  The first was the fragility of the cell, 

particularly during the cooling stages of experiments, which resulted in repeated 

fractures.  This was to some extent a consequence of the design but primarily was due to 

the aggressive nature of the molten salt and the conditions under which such a liquid 

cathode experiments must be undertaken.  The second was issues with molten salt 

purity.  Significant amounts of contamination were detected within the LiCl/KCl molten 

salt despite the molten salt eutectic having been purchased in sealed ampoules as both 

pure and dry.   This cyclic voltammetric investigation of La(III)/La at the bismuth liquid 

cathode was significantly hampered by the contamination of the molten salt and no 

conclusive evidence for reversible lanthanum redox reaction was found.  This shows that 

commercially purified and sealed molten salts still contain contaminants and must be 

further purified before use if meaningful observations and data are to be gathered.    

 

A new method for purification of the molten LiCl/KCl eutectic has been 

examined in the present investigation.  The method eliminates the need for dry hydrogen 

chloride or dry chlorine gas dehydration treatments which are the standard industry 

methods for drying the molten salt.  Chemical treatment of the molten salt with 

hydrogen chloride and/or chlorine gas purging, as demonstrated in section 4.3.3, leave 

the molten salt still containing some forms of oxidising contamination.  Therefore, a new 

method for the purification of molten LiCl/KCl salt was developed.   The technique 

consists of simply removing water contamination through electrolysis using a sacrificial 

aluminium electrode.  Chemical analysis shows that aluminium oxide is produced as an 

insoluble deposit that does not affect the electrochemical window.  Future use of this 

purification technique would greatly benefit electrochemical studies using a molten salt 

electrolyte.   



8.  Conclusions and further work 

 

 207 

 

At the end of this thesis, the tools have been developed and put in place to make 

the necessary molten salt measurements in future work.  These tools are: 

 

− Electrochemical methods for detecting the existence and extent of 

dendrite growth  

− An electrochemical method for high temperature molten salt purification 

− Enhanced electrochemical cells for study of alloy formations 

− To be able to compare electrochemical detection with visual observation 

of dendrite growth at high temperature a transparent quartz furnace has 

been purchased 

 

Now the requisite learning and development has been undertaken, the tools are now 

available for a fundamental investigation into high temperature electrodeposition at a 

liquid cathode and whether or not the high temperature molten salt system shows 

similarities to the aqueous mercury system. 
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1. Conferences and lecture courses attended 

 

Date Conference Course 

 

Aug 2006 International Pyroprocessing Research Conference, Idaho Falls, Idaho. 

 

Apr 2005 The University of Edinburgh Physical Section Meeting, Firbush Field  

 Centre 

 

Apr 2006 The University of Edinburgh Physical Section Meeting, Firbush Field  

 Centre 

 

Additionally, I attended nearly all of the Inorganic, Physical and Materials section 

meetings as well as attending regular progress meetings with Nexia Solutions. 
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Thermodynamic calculation and reference electrode calibration for high temperature 

molten salts. 

W. Zhang, C. R. Pulham, A. R. Mount, N. Brockie, R. Lewin; Energy Mat.; 2008, 3(2), 

132. 

 

 

  


