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Abstract 

As the currently available methods for recycling of valuable metals from batteries and old electronics 

(commonly called eWaste) are in need of improvement, this project focuses on the development of a 

novel valuable metals recovery method by electrolysis in molten salts. The process proposed consists 

of three steps: metal oxides dissolution in borate salts, liquid-liquid interface ion transfer between the 

borate and chloride layer, and electrodeposition from the chloride phase. Inherent borate salts stability 

and its affinity to metals, coupled with the chloride salts large electrochemical window enables a stable 

and efficient (semi)-continuous process concept to be explored. Two electrolytic cell concepts akin to 

an industrial set-up were designed. The first composed of three interconnected chambers each for one 

of the three steps of the process, or a simpler, single-vessel solution relying on the immiscibility of the 

molten phases. For the needs of a laboratory scale testing the smaller, one vessel solution has been 

assembled. The proposed recycling method is a novel solution for the recovery of valuable metals 

considered and evaluated in this work; Co, Cu, Ni, and Mn, present in most Li-ion and Ni-MH batteries, 

but also other metals suitable for electrodeposition present in the eWaste or other metal-rich waste 

streams. 

The process proposed was designed, evaluated and resulted in a successful recovery of all of the metals 

considered.  Novel and promising experimental data on the metal oxides dissolution in molten borate 

salts is reported. Boron oxide salts were assessed, with the sodium borate achieving significant metals 

concentrations ranging from 4-20 wt%. Metals distribution between the oxide and halide layers was 

evaluated, and was found to be biased towards the borate layer due to its structure resulting in high 

metal affinity, with the metal ions concentration in the chloride layer around 1 wt% for the evaluated 

salts combination. This enables the sodium borate phase to work as a buffer, feeding the dissolved 

metal required for the electrodeposition into the chloride layer sustaining the process. 

Liquid-liquid interface transfer and diffusion phenomena in the melt as well as the metal 

electrodeposition parameters were studied using a range of (electro)-analytical methods, validating the 

main steps of the proposed metal recovery process. The system was evaluated in a three-electrode 

set-up (WE: tungsten, CE; graphite, QRE: tungsten) and the formal redox reaction potentials were 

reported for the following feedstock: Co2O3 [-0.733/-1.848 V], CuO [-1.297/-2.375 V], Mn2O3 [-1.552 

V] and NiO [-1.734 V] versus chlorine evolution. The recovered metals were analysed and found to 

form high purity (~99 %) dendritic deposits (SA/V of 950 cm-1), which also supports the assumption 

of a diffusion controlled process. This marks the successful outcome of this proof-of-concept process, 

providing a feasible, alternative valuable metals recovery method design. 
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Symbols 

a Activity 

A Atomic mass 

𝑐∞ Concentration (bulk) 

D Diffusion coefficient 

E Electrochemical potential 

E Energy (in the Economic analysis section) 

F Faraday constant 

∆𝐺 Gibbs free energy 

I Electric current 

K Equilibrium constant 

k Boltzmann’s constant 

m Mass 

N Molar concentration 

n Amount of electrons exchanged 

𝜂 Dynamic viscosity 

𝜂𝑐/𝑎 Overpotential (cathodic/anodic) 

P Power 

Q Electric charge 

R Gas constant 

R Resistance 

r Radius 

ρ Density 

S Surface 

T Temperature 

t Time 

U Electric potential 

y Activity coefficient 
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1. Introduction 

The development of a civilisation can be estimated by its growing energy consumption [1], 

and the portability of power sources is a natural step for a technologically developing society. 

Energy storage has become an increasingly important area, ubiquitous in mobile technology, 

electric vehicles (EVs) and land-based power backups. This in turn increases the prevalence 

of the Li-ion batteries in our everyday life. Without them, we would not be able to use the 

multitude of consumer electronics that surround us making our lives easier and more efficient. 

These electronic devices rely heavily on the rechargeable Li-ion or Ni-MH batteries [2].  Their 

presence in most of our accessories, ranging from a smartphone, a portable computer, GPS 

device to wireless toiletries, sets a definite foothold for the energy storage technology in the 

modern society. These devices are unthinkable to live without now, and all of them need the 

small but highly efficient portable batteries to work. All of these batteries are multi-component 

devices that rely on small quantities of materials where supply can be affected by geo-political 

factors. At the end of their end of life most Li-ion batteries are often land filled, leading to 

land pollution and loss of valuable metals used for their production[3]. 

Many valuable metals found in a battery (e.g. Co, Mn, Ni, Li) are rapidly diminishing, leading 

to the current or future rarity [4,5]. Most are not available in the UK, but remain essential 

components for many high-end technologies. Operating with small or difficult to mine 

resource sites, costly mining techniques and small concentrations, those elements are difficult 

to obtain. Recovery of such metals is of growing interest to both EU and USA, considering 

the growing constraints in raw materials availability, ore extraction and processing cost in the 

foreseeable future. However, in the US alone, 94 million USD worth of non-ferrous elements 

are disposed into the land-fill [3], while the recycling rate remain relatively low in major part 

due to the lack of relevant recycling technology [6]. 

1.1. Challenge and the recycling needs 

European Commission Enterprise and Industry Directorate General [4] recognises cobalt as a 

critical metal and copper, manganese, nickel and lithium among others as of high economic 

importance. Europe is considered particularly vulnerable in case of shortage of such metals, 

due to the high dependency on the import from other countries and low natural resources. 

Many of the industrially essential elements (e.g. cobalt, manganese, rare earths) are mined 

only in a handful of countries, i.e. Brazil, China, Russia or South Africa, outside of Europe’s 
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influence. These metals are virtually absent from the UK as natural resources. Regarding the 

global market, cobalt metal demand is being predicted to potentially outgrow the supply as 

soon as by 2025, in case of high market penetration of the mobile energy storage (i.e. electric 

vehicles) technology [5]. Lithium consumption is predicted to exceed the supply by 2050 [7], 

while copper and nickel resources are at risk of depletion within the next 50-100 years with 

the current rates of consumption [8]. Furthermore, the demand for metals associated with 

energy storage technology is only going to grow rapidly with the expanding global (hybrid-) 

electric vehicles market [5] and Tesla’s car [9] and home [10] energy storage technologies, 

worsening the materials shortage predictions. 

As the reliance on rare valuable metals is increasing, group of metals labelled as sparse and of 

diminishing resources, i.e. critical metals, is growing each year [4,5]. As an example, 

according to Argonne National Laboratory analysis [11] cobalt, manganese and nickel, 

together with lithium make up to ~50% of the Li-ion battery cost, with 1 kg of cell waste 

containing up to 200 g of cobalt and/or 150 g of copper. This places lithium, cobalt, 

manganese, copper and nickel together on a list of recoverable and valuable metals present in 

the battery eWaste stream to be found in the discarded cells. 

The number of cars in the automotive industry of European Union is estimated to reach 377 

million by 2030, with 52% of the annual sales being EVs [12] which contribute greatly to the 

Li-ion batteries consumption. Without proper recycling currently known rare/valuable metals 

sources (excluding oceans) affected by the EVs market growth might be depleted by the end 

of this century. Though the need of recycling is obvious, feasible methods are by no means 

given. Recycling methods are of low efficiency considering the amount and range of metals 

in the waste, as the complex chemistry developed in order to enhance the devices efficiency 

and lower prices complicate present recycling processes making it even more challenging [13].  

Nevertheless, concentration of the metals considered in this project is in favour of utilising the 

aforementioned eWaste materials. For comparison, concentration of copper in copper ore is 

about 0.4-1%, while in a typical Li-ion battery the amount reaches up to 14.5%. In case of 

cobalt, which is scarcer in the Earth’s crust, ranges from 5-20% of mass of a Li-ion battery. 

Having that in mind, energy storage market is a good source of recyclable material and among 

them a range of valuable metals [14]. 

In recent years several metals recovery methods have been adapted. However, they suffer from 

the drawback of not being originally developed for recycling from the considered eWaste 
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source, and thus they generate losses in valuable materials. Currently available and industrially 

used recycling methods for metal-rich electronics are mostly based on mechanical treatment, 

thermal, mechano-chemical process, leaching, bioleaching, solvent extraction, or chemical 

precipitation. Additionally, they create considerable amounts of waste using water or water-

based solutions [13–22]. For these reasons, currently available methods are not economically 

viable for a wide range of materials and have an adverse environmental impact. 

The challenge is to design a new, environmentally friendly and efficient method of recycling 

valuable metals from a wide range of waste feedstock, starting with Li-ion and Ni-MH 

batteries. A near-critical metal – cobalt is considered, as well as metals of significant economic 

importance – copper, nickel and manganese, all present in the considered eWaste stream. The 

investigation is conducted at temperatures ranging between 900-1000 OC with the aim of 

finding a compromise between efficiency and the heat required for the process. The solution 

proposed is to use a two salt system based on borates and chlorides as the working salts. To 

process the desired metal, it needs to be extracted into the melt and then electroplated. Separate 

salts perform the roles of extracting and electroplating environment, for the best efficiency. 

Finally, optimal electrolytic cell construction needs to be developed in order to allow for 

efficient mass transfer and seamless cation exchange between the two separate salt phases. 

1.2. Proposed metal recovery process 

The process studied in this work aims to address the multi-metal components recycling needs. 

The method developed in this work uses a high-temperature molten-salts based system, 

composed of two immiscible salts; sodium borate and sodium chloride. By dissolving the 

metal oxides present in the scrap source, the borate layer works as a buffer providing metal 

ions into the chloride phase by a direct contact through a liquid-liquid interface. The 

electrolysis process occurs in the chloride layer, allowing for clean metal recovery. Therefore, 

the process relies on the metals solubility in the selected borate salt, metal ions transfer 

between the borate-chloride layers and electrolysis in the molten chloride, forming three main 

steps of the process, as shown in Figure 1.2-1 below. The process would occur at 900 OC / 

1173 K, which is a balance between the melting temperature of the melt components and their 

stability, as well as thermal resistance of the available vessel and metal electrodes, and the 

melting points of the metals considered for recovery. 
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As shown in the figure, the process can be divided into three steps. Firstly, the feed material 

has to be dissolved in the borate layer, which will be kinetically (time-wise) and 

thermodynamically (concentration-wise) limited. Subsequently, the dissolved ions have to 

diffuse towards the liquid-liquid interface and transfer into the chloride layer. This process is 

governed by a chemical reaction on the interface, as is explained further in this thesis, section 

2.4.3. Metal ions have to then diffuse towards the electrodes, where they will undergo 

electrochemical electroreduction, described in section 6.2, resulting in an electrolytic-purity 

metal deposits. The experimental work follows these steps as does the layout of this thesis. 

 

Figure 1.2-1 Process idea flowchart. Each box represents one step of 

the process; metal dissolution, liquid-liquid interface transfer and 

electroplating, potentially done in a separate vessel. 
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The process proposed is novel and absent from the patent literature, as the commonly used 

electro-recovery processes work in single-phase systems, as will be discussed in section 2.2 

and 2.3.3. The use of immiscible salts has been once suggested [23] for metals extraction, 

however not in the current configuration with the use in electrochemical cells. Additionally, 

the thermodynamic databases on the borate systems are lacking [24] as will be discussed later 

in this thesis in section 2.3.2, therefore the experimentation to follow fits within the knowledge 

gaps identified. A number of borate salt systems will be evaluated, with the aim of finding the 

most efficient combination, supported by pre-experimental thermodynamic analysis of the 

system using phase diagrams. A matching chloride salt will be used for electrolysis to avoid 

additional ions presence. 

1.3. Layout of this thesis 

This work describes the valuable metals recycling needs and potential sources rich in the 

metals considered. A metal recovery process is proposed. The following Literature review 

chapter 2 identifies the eWaste stream components and opportunities, and discusses the 

physicochemical aspects related to the process studied. The process requirements are 

identified, and a potential processing set-up is suggested.  In the Methodology chapter 4 the 

experimental equipment and the basics of the methods used to evaluate the process are 

described. The following Experimental chapter 5 describes each test conducted in detail. The 

Results and Discussion chapter 6 evaluates the data collected and forms conclusions based on 

the results. Economic feasibility of the process and up-scale benefits are discussed in the 

Economic analysis chapter 7. The Conclusions chapter 8 summarises the findings, while the 

Future work chapter 9 outlines the possible further evaluation opportunities. 
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2. Literature Review 

In the following literature review, the potential recoverable metal sources of interest are 

identified. The currently used metal recovery methods from eWaste sources are discussed and 

their drawbacks are identified, outlining the ground for potential improvements. Following, 

the known physicochemical properties of the system proposed are analysed and the lacking 

areas are recognised determining the subsequent experimentation. 

As the process relies on the molten borate salts stability and metals solubility, these properties 

are discussed and predicted using computational thermodynamic software FactSage™ 

software and databases [24]. Secondly, electrochemistry of chloride salts is considered, as the 

electro-reduction process is the main step of recovery of the metals from the melt. Finally, the 

properties of the borate-chloride mix are evaluated, with the focus on the immiscibility of these 

two salts and the liquid-liquid ion interface transfer, essential for the availability of the metal 

ions for electrodeposition from the chloride phase. 

2.1. Types of metal sources and waste feedstock 

2.1.1. Primary valuable metals source – mining 

Metals present in the rechargeable batteries considered in this project are, just like most other 

minerals, obtained by mining and ore processing. However, ore mining and processing is a 

very energy intensive process, with the comminution – process of crushing ore accounting for 

4% of the world’s total energy consumption [25].  Many of the valuable and technologically 

important materials are extracted from relatively remote locations outside of Europe, as 

previously mentioned. As the metal sources get slowly depleted, the grade of the ores mined 

declines [8], increasing the global  price of the metals produced.  

Copper is the most abundant of the metals considered in this project; however, the average ore 

currently mined is below 0.6% copper [26]. Nickel is primarily mined in Philippines and 

Indonesia, with the average ore mined containing on average 1% of nickel [27]. Cobalt is a 

side-product from copper and nickel mining, and therefore is considered at risk due to being 

reliant on other metals mining processes [5]. Most manganese is currently produced in South 

Africa, mainly as ferromanganese obtained by pyrometallurgical processing with iron ore, 

with a resulting manganese concentration of 30-80% [28]. Alternatively, pure metal can be 

obtained by hydrometallurgical methods through acid-leaching and subsequent electrowinning 

[29]. Alternatively, lithium metal is mainly extracted from water in brine pools, not ores, with 
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Chile, China and Australia as the main exporters [30]. The source sizes and reserves of lithium 

are difficult to estimate, depending on the scale of consumption, whether the metal will be 

extracted from the additional low-concentration sources like the oceans and how much lithium 

will be actually recycled back into the production streams [31].  

In part in relation to the limited sources of these valuable metals, which often results in a 

highly unstable prices and availability [32], there are strong governmental incentives towards 

recycling [4,5]. It is known that scrap materials, specifically the eWaste stream contain much 

higher concentration of the precious metals than the primary sources [8]. The specific metals 

presence in the batteries is discussed in the next section. The recycling technology is already 

widely established for some of the most commonly used metals, offering significant benefits 

to the environment and energy efficiency. Analysing two of the most commonly used metals 

we can see that as much as ~50% of aluminium is recycled, saving 95% of the energy required 

in the initial production, while steel recycling saves 74% energy and 94% mining waste when 

compared to the ore processing [8]. 

2.1.2. Primary focus of recycling – rechargeable batteries 

Rapid development of Li-ion and NiMH cells results in an increased consumption of Co, Cu, 

Mn, Ni, Zn and Li [11,33,34], with Li-ion and NiMH cells accounting for over 80% of the 

secondary galvanic cells market [22].  Li-ion batteries are designed to fit a wide range of 

electronic devices and come in different sizes and geometries: button cells, flat, small and 

large cell formats. Shape and size varying, the materials construction has some constant 

elements throughout every design. Figure 2.1-2 represents the breakdown of an average Li-

ion battery elements cost. 
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The cathode contributes to most of the cost of the Li-ion battery. The cathode active material 

can contain Co, Ni and/or Mn oxides and Li in varying proportions in the form of a spinel, e.g. 

LiCoO2 coated onto an aluminium foil current collector [35]. The anode is made from 

carbonaceous materials, coated onto a copper current collector [11]. The separator, which  

protects the electrodes from shorting while allowing for ionic transfer is usually made of 

porous polymeric materials or fibres [36]. The parts described are either rolled or pressed 

together and an organic electrolyte is added, forming a working rechargeable cell. Finally, the 

casing of the battery is made of steel and/or plastic, depending on whether it is a cylindrical, 

button or a pouch cell [33]. 

The main contributors to the metals presence in the Li-ion cells are current collectors made of 

metal foils, and cathode active materials, which are convoluted chemical compounds, e.g. 

oxides or spinel minerals containing more than one metal in a compound, which require 

specific processing. While there are many valuable metals present in the batteries, current 

recycling methods struggle to encompass the diversity of the materials present as is discussed 

in the following section 2.2. Figure 2.1-2 represents the mass contribution of each of the 

elements of a typical high-energy Li-ion cell [11], while Table 2.1-1 and 2.1-2 show an 

exemplary chemical composition breakdown [15,22]. 

48.80%

6.90%

23.40%

10.70%

2.00%

4.60% 1.40% 0.80% 0.60%

0.80%

Cathode

Separator

Electrolyte
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Copper

Aluminium
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Other

Figure 2.1-1 Breakdown of lithium-ion battery elements cost. Cathode is the 

biggest contributor to the overall cost and can contain Co, Li Mn and Ni [11]. 
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Figure 2.1-2 Li-ion battery elements by mass. Cathode is the biggest contributor, similarly to the cost 

breakdown [11]. 

 

Table 2.1-1 Typical Li-ion battery elements breakdown [15,22] 

Battery component Mass [%] 

  

LiCoO2 27.5 

Steel/Ni 24.5 

Cu/Al 14.5 

Carbon 16 

Electrolyte 3.5 

Polymer 14 
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Table 2.1-2 Li-ion battery by chemical compounds [15,22] 

Battery component Mass [%] 

  

Cobalt 5-20 

Nickel 5-10 

Lithium 5-7 

Organics 15 

Plastics 7 

 

2.1.3. Alternative feedstock – biomass 

Metal hyperaccumulation in plants is a growing subject, potentially useful for environmental 

biotechnology[37]. Additionally, it could be used for soil contamination removal, making it a 

metal-rich source. Methods used now are based on vitrification, excavation, soil 

washing/flushing, solidification or electrokinetic stabilisation systems. Alternatively, many 

plants capable of heavy-metal removal from the soil in an efficient way have been reported, 

including, but not limited to, fungi, wild plants and vegetables. For example, T. Cearulscence 

can accumulate Cd, Ni, Pb and Zn. As the plants accumulate the metal in its roots and shots, 

these can be later processed for re-extraction of the metal [37,38].  

The process of metal extraction with a plant is called phytoremediation/phytoextraction, and 

occurs naturally and can be genetically engineered as well. This method works for soils with 

low and medium levels of metal contamination. Plants are planted (potentially on a large 

areas), harvested and after-processed (shots and roots). The plant can be then incinerated, 

providing a heavy-metal containing powder, while also producing heat. 

As the method developed in this project is designed to work on various metal sources, it could 

also process the biomass feed. Therefore, plants used for phytoextraction could form potential 

feed for the metal recycling process, providing a feasible method for metal-contaminated soil 

restoration combined with valuable metals recycling. This is a very positive feature of the 

evaluated system, as its versatility allows enables work on not only battery waste and biomass 

feed, but potentially other metal sources as well. Such process adaptability would lead to easier 

feed stream management and therefore higher economic feasibility. 

The process developed in this work is flexible regarding the feed and metals of interest, which 

makes it a fitting solution for a range of metal-rich waste streams, especially the 
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aforementioned eWaste and biomass. The method design would allow for processing of small 

particles, e.g. powders, as well as larger pieces, which would dissolve in the melt with time 

during the process. This allows for some flexibility in the feed preparation steps, enabling 

recycling of a finely ground electrodes active material, pyrolysed metal-containing matter or 

battery cathodes/anodes as a whole, without significant pre-processing. 
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2.2. Current metals recovery technology 

As described in the previous section, Li-ion batteries are a multi-component system with a 

range of metals present in varying proportions, quite often locked in different forms or 

compounds. This poses a significant challenge for the recycling technology, as while the 

materials present in the battery require specific processing methods, they are not easily 

separated, unless a manual disassembly is included which can render the process unfeasible 

with the large amount of cells present in the waste stream. This results in multi-step recycling 

methods utilising costly and/or waste-generating environmentally adverse processes, as is 

discussed in the following section. 

Metal recovery methods from multi-component materials are commonly divided into two 

groups; pyro- and hydro-metallurgical [14]. However, many of the methods employ features 

from both categories, especially for Li-ion and Ni-MH batteries recycling, and thus will be 

discussed jointly. The methods analysed differ in number of steps, waste preparation and the 

relation between hydro- and pyro-metallurgical parts. The recovery processes are mainly 

named after their inventors or company developing the method [14,39]. Figure 2.2-1 is a 

representation of a typical hydro-metallurgical recycling method. 

 

Figure 2.2-1 Hydro-metallurgical recovery process of Li-ion secondary battery recycling. 

Adopted from [39] 

Umicore process 

Umicore is a global materials technology company that uses a copper smelting process for 

valuable metals recycling [40,41]. Their technology is used to recover gold, silver, platinum 

group metals, and the battery metals from a range of waste feeds including electronics and 

used rechargeable batteries. The Umicore method is a highly integrated system including pyro- 

and hydro-metallurgical processing as well as electrodeposition. The general process 

flowchart is represented in Figure 2.2-2: 
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The capacity of the Umicore facilities is significant, processing 250-350 kt of the waste 

materials yearly. They recover approximately 2 kt of Ni and 30 kt of Cu and other metals each 

year from a range of waste sources. The side products are mostly sulfuric acid and slag, where 

the majority components are aluminium, silicon and iron oxides. The gasses produced during 

the process need to be treated before releasing to the atmosphere, which is achieved using 

highly precise off gas treatment systems. The process is highly automated and proven 

profitable, however it is a very complex system requiring precise control on many levels and 

a large number of staff with a wide range of qualifications. Similarly to other recycling 

methods, Umicore also introduces the environmentally adverse leaching step, as well as a 

number of high temperature metal processing procedures. 

Inmetco process 

The Inmetco (International Metals Reclamation Company) method is a company-developed 

process used for metals recovery from battery waste among other sources [22,42,43]. It was 

not originally intended for battery recycling, and was repurposed to do so through inclusion 

of the battery scrap in its processing streams. Used Li-ion cells are treated together with iron-

Figure 2.2-2 Umicore recycling process. 

Adopted from [41] 
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containing materials to produce metal alloys, producing 11-kilogram metal ingots called “pig” 

later sold to the stainless steel industry. The batteries are sorted, the plastics are removed, the 

remaining metal parts is calcinated, distilled and then joined with other metal streams in the 

Rotary Hearth Furnace. The mix is then transported to the Electric Arc Furnace and the metal 

bars are cast. The produced metal contains up to 13% nickel and chromium. The Inmetco 

facility recycles around 72 000 tonnes of metal waste per year, with the spent batteries blended 

into the processing stream.  Only copper and nickel are recovered from the li-ion cells using 

this method, the rest being slagged during the process. Slag recycling is a separate process, 

not considered in this review. While the process is cost efficient, it does not recover the 

valuable metals present to be re-used but rather alloys them, and large part of the metals ends 

up in a slag requiring post-processing. As was mentioned earlier, this method was not designed 

for the batteries treatment initially and thus is not optimised for it, treating the batteries as 

mixed secondary metal feedstock, which is sub-optimal when considering recovery of the 

valuable metals from the eWaste. 

Acid-leaching based methods 

Acid leaching methods are based on the use of strong chemical acids, and thus considered 

hydrometallurgical due to the significant amounts of water used.  Metals are removed from 

the waste source, i.e. cell cathode, as a soluble salt by the leaching process, which is currently 

a very common approach in the Li-ion cells metal recovery methods. The solution usually 

used for this process is based on an inorganic acid and hydrogen peroxide, e.g. 4 M H2SO4 + 

10% H2O, 4 M HCl or 1 M HNO3 + 1.7% H2O [44]. The leaching step takes up to 2 hours at 

the elevated temperature of 60-80 OC. An exemplary leaching reaction (2.2-1) is shown [45].  

4𝐿𝑖𝐶𝑜𝑂2 + 6𝐻2𝑆𝑂4 → 4𝐶𝑜𝑆𝑂4 + 2𝐿𝑖2𝑆𝑂4 + 6𝐻2𝑂 + 𝑂2   (2.2-1) 

Precise control of the process parameters, i.e. temperature, concentration, solid content ratio 

and time, has a significant impact on the process efficiency. Shin et al. [15] studies acid-

leaching methods as a potential option for battery waste management. It was reported that the 

particle size has a significant impact on the leaching efficiency, reaching over 95% for 

particles below 160 µm, or as low as 60% for bigger particles. The concentration of the metal 

(here: copper and aluminium) were relatively low, not exceeding 80 g l-1 [15,39]. The leeched 

metal tends to create very fine and complicated structures in the solvent, which makes it 

difficult to separate metals in case of multi-component samples, and required additional post-

treatment in order to recover the metals. This increases the time, cost and complexity of the 
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acid-leaching processes. Additionally, as the method uses water-based acid solvents, 

significant amounts of water waste are produced including the sulphates by-products 

contamination, which is considered extremely damaging for the environment. 

Mixed methods for electrode active materials recovery 

The mixed recycling processes composed of mechanical, hydrometallurgical, thermal and sol-

gel processing steps are being studied as a way to recover lithium and cobalt from used li-ion 

cells, producing LiCoO2 as the final product [39]. The lithium cobaltate powder produced can 

be ready to use for battery industry as the Li-ion battery cathode material. An example of such 

process has been reported by Lee et al [46]. The method described starts with thermal 

treatment and shredding of the li-ion batteries for the shredded pieces to be later sorted. 

Another thermal treatment follows and burning off the carbon and cathode binder to obtain 

the electrode active material for leaching in nitric acid using HNO3 and H2O2. The resulting 

solution was used to produce an amorphous gel in a rotary vacuum dryer and later calcinated, 

producing the LiCoO2 cathode powder to be used in batteries.  Thermal pre-treatment element 

of the process is relatively simple; however, it produces significant amount of fumes, which 

require purification before being released to the atmosphere. Nonetheless, while such methods 

recover two of the elements present; cobalt and lithium, other metals are still not recycled in 

the main process, also constraining the method to one type of cell chemistry [47]. Figure 2.2-

3 presents an example of the mixed method process flowchart. 

The most environmentally detrimental and potentially costly step in this process is the acid 

leaching, as mentioned earlier, which produces considerable amounts of waste water, with 

aggressive chemicals required for the method to work. Strict solvent control has to be 

maintained, and the process complexity as well as the equipment requirements elevate the cost 

of the recovered material. In author’s opinion, while the method is interesting due to its good 

efficiency of up to 85% and ready to use end product, it is lacking in the range of metals 

recovered and thus is not fully suitable for the growing and rapidly changing battery industry 

waste recovery. 
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Mechano-chemical recycling methods 

A relatively simple method has been reportedly evaluated by M. Contestabile on a laboratory 

scale [16]. In this multi-step process, most of the metals present in the waste are recovered. 

Firstly, the batteries are opened and the active material is mechanically extracted. Co3O4 is 

then produced by means of thermal treatment, and then mixed with Li2CO3 which is another 

material recovered from the batteries, to form LiCoO2 to be used as a cathode active material 

for li-ion cells production. Again, similarly to the previous case, this method is chemistry-

specific and works only works with a selected type of li-ion batteries. Highly precise control 

of the process parameters is required as a high-temperature acid-solution is used as the solvent, 

producing vapours dangerous to health. Cobalt metal is recovered from the solution by pH 

variations, with good efficiency and quality of the recovered metal reported. Significant 

amount of filtration steps is of negative effect on the processing time and creates unavoidable 

valuable materials loss. As mentioned, this method considers only cobalt and lithium 

recycling, and does not offer a solution for the other metals in case of more complex battery 

chemistry. Being developed only on a small laboratory-scale, the scale-up of this method 

Figure 2.2-3 LiCoO2 recycling method flowchart. 

Adopted from [39] 
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might pose difficulties yet unknown. Figure 2.2-4 represents a flowchart describing the 

process. 

FFC Cambridge process 

Named after the three researchers of the University of Cambridge, where it was developed, 

the Fray Farthing Chen (FFC) Cambridge is a process that recovers titanium by reducing oxide 

scales or titanium dioxide powder pellets on titanium foils. The electrochemical cell used is 

shown in Figure 2.2-5. This process can be used to produce pure metal, or several metal alloys 

from mixed metal precursor, e.g. Ti-W [48] or Mo-Ti [49]. This method uses molten CaCl2 

salts as the electrolyte at 900-1100 OC, carbon-based anode and the metal precursor as the 

Figure 2.2-4 Mechano-chemical laboratory-scale recycling method flowchart. 

Adopted from [16] 
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cathode. Cathode/precursor is then polarised to negative potentials versus the Ni/NiCl2 

reference, resulting in oxygen ions released into the melt, forming CaO, and subsequently 

pushing oxygen out of the melt to preserve balance re-forming Ca. Ca then diffuses back to 

the cathode to reduce another part of the oxide. The reactions occurring in the electrolyte 

would be as follows: 

𝑀𝑂𝑥 + 𝑥𝐶𝑎 → 𝑀 + 𝑥𝐶𝑎𝑂     (2.2-1) 

𝑥𝐶𝑎𝑂 → 𝑥𝐶𝑎2+ + 𝑥𝑂2−     (2.2-2) 

𝑥𝐶𝑎2+ + 2𝑥𝑒− → 𝑥𝐶𝑎     (2.2-3) 

𝑥𝑂2− →
𝑥

2
𝑂2 + 2𝑥𝑒−      (2.2-4) 

Finally forming the net reaction: 

𝑀𝑂𝑥 → 𝑀 +
𝑥

2
𝑂2      (2.2-5) 

 

Figure 2.2-5 Exemplary FFC Cambridge process laboratory scale assembly. The process reduces 

metal oxides (precursor on the drawing) into pure metal (Ti and alloys) in molten CaCl2 electrolyte 

at 900OC by means of electrochemical reduction. Adopted from [48]. 
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The cell and reaction schematics show that in this process Ca works as a carrier of oxygen 

ions, with the CaO as the intermediate specie formed during the process. This process requires 

precise atmosphere control, similarly to the previously discussed processes. The method 

described is a good example of how molten salt electrolysis processes can be used for 

electrochemical metal recovery from their oxides. Additionally, there is an option of valuable 

alloys formation, depending on the materials used as the precursor. However, this method has 

not yet been successfully up-scaled to the economically feasible scale. 

2.2.1. Methods summary 

The currently used methods for recycling of eWaste face a number of issues. Many of these 

processes are based on metallurgical technology, quite often repurposed mineral or metal 

processing methods. This limits the multi-component waste recycling capabilities, most often 

recovering one or two of the metals present. In example, lithium is not considered in the 

Inmetco process, and thus is completely lost during the waste stream processing. On the other 

hand, most of the methods purposely designed for batteries recycling are still in the early stage 

of the development, being tested only on a laboratory scale. Being evaluated in a clean 

laboratory environment with small amounts of waste of small diversity, it is unknown how 

these methods will handle a diverse waste material with a number of contaminations.  The 

process efficiencies and quality of the deposits leave some room for improvement and vary 

depending on the metal recovered. Unfortunately, many of the methods are contamination-

sensitive, e.g. pyrometallurgical methods are prone to have their efficiency reduced in case of 

carbon contamination, which is prevalent in battery industry. Similar issue exists with the acid-

leeching methods, requiring precise pH control. Additionally, low concentrations of dissolved 

material are required for hydrometallurgical methods or otherwise the efficiency and yield can 

be significantly reduced, which in turn increases the amount of water waste produced, harmful 

for the environment. As a result, in order to recover most of the metals a number of steps must 

be introduced and combined, which increases complexity and lowers the cost-efficiency of the 

recycling process. Quite often, complex and expensive equipment is required to ensure the 

essential process control. Finally, as the battery chemistry is constantly changing and 

improving, recycling methods need to be modified and improved to handle the growing 

complexity of the waste stream [17,22,39]. The battery recycling methods are summarised by 

waste source in the Table 2.2-1. 
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Table 2.2-1 Lithium-ion battery components recycling methods summary [39] 

Waste source Elements Recycling method in use 

   

Cell anode Cu Mechanical process 

 C Mechanical process, thermal treatment 

 

Cell cathode Co Mechanochemical process, dissolution, thermal 

treatment, leaching, extraction, precipitation, 

electrochemical process 

 Li Mechanochemical process, thermal treatment, 

dissolution, leaching, extraction 

 Ni Mechanochemical process, chemical precipitation, 

electrochemical process 

 Mn Chemical precipitation 

 

Electrolyte Organic liquid Thermal treatment, solvent extraction 

 

Adhesive agent PVDF Thermal treatment 

 

Current 

collector 

Al Mechanical process, acid leaching, chemical 

precipitation 

   

Battery shells Fe Mechanical process, thermal treatment 

 Plastics Mechanical process 

 

To solve the issues described above (e.g. partial recovery, water waste generation), new 

recycling methods need to be developed. A uniform, scalable and flexible metals recovery 

process is required to address the growing industrial need for these metals, specific metals 

rarity and the largely monopolised rare metals market. Such a method would also need to offer 

minimalised waste output, as the disposal cost of contaminated water is growing, amplified by 

the pressure towards the green-technology approach and increasing governmental incentives 

towards cleaner production [50]. Additionally, as the eWaste stream is of increasing 

complexity and a significant metals variety is present, the method proposed would need to be 

able to recover a wide range of metals from diverse feed types. These objectives could be met 

by using molten salts electrodeposition systems, discussed in the next section. 
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2.3. Molten salts in (electro)-metallurgy 

Many processes have turned away from the aqueous or organic environments towards molten 

salts, as they offer better chemical and electrochemical stability, as well as minimise the 

contaminated water output. Molten salts offer greater electrochemical window, the 

decomposition is less of an issue and their conductivity can be far better. However, there are 

issues with the higher operating temperature required and all the technological problems 

originating from that aspect, e.g. materials compatibility. 

Molten salt processes encompass many of the major fields of and have found application in 

the areas of metals, materials and power [51]. Molten salts provide a diverse range of uses 

such as extraction [52], purifying [48], and/or coating [53] of metals, as well as carbon nano-

materials production [54]. They also present good non-metal element retention, as is used in 

the steelmaking processes. On a particularly big industrial scale, molten salts are used in the 

basic oxygen steelmaking (BOS) process. In a steel refining process, steel is being molten 

under a very thick layer of slag in the aforementioned BOS converter. Metal droplets are 

ejected in the slag phase being pushed by a supersonic stream of hot gas. During the time metal 

spends in the slag, it is being cleared of phosphorus, and returns to the metal phase cleaner 

after the so called “retention time”. Metal refining in this way is possible due to a high 

phosphorus partition coefficient between the salt and the metal [55]. 

A number of electrochemical processes require anhydrous environment. This may be due to 

the water-sensitivity of the product, to make the process cleaner, more efficient, or because 

the water readily reduces outside of a small electrochemical stability window. For such 

purposes molten salt systems are designed, eliminating the aqueous systems limitations. An 

exemplary case is the Hall-Herolut process [51], which is an industry-scale process of 

producing aluminium by electroplating in a molten sodium hexafluoroaluminate, more widely 

known as cryolite. 

2.3.1. Molten salts definition 

Molten salts are defined as salts that would be solid at the standard temperature and pressure, 

but due to the elevated operating temperature of the system considered, they are in a liquid 

phase. If the electro-negativity of the M-X pairs (where M is metal and X is another chemical 

element) is large the system is considered ionic, which is true in case of molten salts and so 

they are classified as a sub-system of ionic liquids. Temkin’s activity model [56,57] describes 
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molten salts using mathematical relations for ideal systems, defining the activity of the molten 

salt elements with the following equation 2.3-1: 

𝑎𝑀𝑋 =
𝑀+ 𝑚𝑜𝑙𝑒𝑠

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑎𝑡𝑖𝑜𝑛𝑠

𝑋−𝑚𝑜𝑙𝑒𝑠

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑎𝑛𝑖𝑜𝑛𝑠
    (2.3-1) 

The molar free energy of mixing for such systems can be described by equation (2.3-2): 

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥 = 𝑅𝑇 ∑ 𝑁𝑖𝑙𝑛𝑎𝑖𝑖    (2.3-2) 

where: a is the activity, N is the molar concentration of the component i, while the rest of the 

terms hold their usual physical meaning. 

The model properly describes fully ionised systems (e.g. molten halides [51]) and is commonly 

adopted due to its relatively simple application. However, molten metal oxides exhibit a 

strongly non-ideal behaviour due to their much smaller electronegativity differences between 

the elements. This results in a covalent character present in the bonds between the ions [58], 

which in consequence enables oxygen bridging creating a polymeric structure in the melt [59]. 

This case is relevant to the borate salts used in this work, as well as to the whole range of slags 

used in metal industry [60]. Such a structure results in a non-random ordering of the ions in 

the melt, negating the assumptions of the Temkin’s model. Deviations from ideality are quite 

significant and other models are relevant instead. 

Gaskell [61] described the non-ideal solution as one with activities unequal to the elements 

mole fractions, by introducing the activity coefficients: 

𝑦𝑖 =
𝑎𝑖

𝑋𝑖
      (2.3-3) 

where: y is the activity coefficient, a is the chemical activity and X is the molar fraction of the 

i element. 

Further deviations from ideality are described by regular and sub-regular expansions, allowing 

for non-zero enthalpy and random or non-random entropy of mixing respectively, through 

power series expansions [56]. The coefficients in the expansions are empirical and need to be 

determined experimentally for the given system under evaluation. Still, these models fail to 

properly describe systems that exhibit strong structural ordering even in case of a large 

numbers of terms included. Such systems can be defined by quasi-chemical models, described 

by Guggenheim [62]. A quasi-chemical model can be derived for each considered system; 
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however, construction of such a model is non-trivial and is not the subject of this work. Molten 

borates chemical properties, their network structure and interactions with other metal oxides 

are described in greater detail in a following section. 

2.3.2. Borates 

Borate salts are of high interest to industry, mainly used in boronation [63–65] and glass 

forming [66,67], where they also show the capability of dissolving significant quantities of 

metals. However, the thermodynamic properties are not yet well understood and literature 

evaluating their behaviour is sparse. The high metal affinity of borate salts has been evaluated 

by Williams et al. [23]. In their paper a method of metal extraction from waste using borates 

is suggested. In the system described, waste feedstock is melted and dissolved in a molten 

borate solvent. All organics are pyrolysed, moisture evaporates, and impurities are dissolved.  

As a side effect of such systems liquid metal in the molten slag materials can experience an 

undercooling phenomenon before solidification [68]. It has been reported to work efficiently 

as an extraction method for Nd (over 25 wt% solubility) and Sm (over 58 wt% solubility) 

while using scrap metal (i.e. magnets) as an input [7,21]. Recovered metals can be 

subsequently extracted by electrochemical reduction [69]. Further work on other valuable 

metals such as Co has been suggested [21]. Borates inherent high resistance to water and other 

pollutions enables the processes to work under atmosphere in an open crucibles, which further 

makes the process easier and more viable [70]. These properties provide a good grounding for 

molten salt based metal recovery processes. 

2.3.2.1. Metals solubility in borates 

A solution can be defined as a homogeneous mixture of two or more components [71]. Mixture 

formation introduces the Gibbs potential of mixing, in its basic form represented in the 

equation 2.3-2 as described earlier. In the simplest case the solution can be described by the 

Raoultian ideal model, in which the particles are assumed to not interact, the ions distribution 

is random and the enthalpy of mixing to be zero. In consequence the activity of the components 

is equal to their mole fraction. Because of the simple mathematical relations and feasibility, 

models based on ideal solutions are commonly used and are a part of the Temkin model 

[72,73], widely used to describe the thermodynamics of molten salts. 

However, it is known that activities of the components deviate from being equal to the 

component concentration. Furthermore, the molten salt is an array of positively and negatively 

charged cations and anions, which due to strong Coulomb repulsion between ions of the same 
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sign, they have a preferred site, rather than a fully random distribution. This tendency of 

ordering is not the one of ideal solutions, nor of the regular solutions model that, while 

allowing nonzero enthalpy of mixing, still assumes a random distribution of ions, an 

assumption which has been proven not correct for our case when discussing the borate molten 

salts strong ordering abilities in the previous section. A model most closely describing the 

molten borate salt system is the quasichemical model of Guggenheim [62], which is a physical 

model for thermodynamic properties of ordered systems. A quasichemical model can be 

created separately for each considered system, which is however non-trivial and thus rarely 

used. Solution models are compared in Table 2.3-1 [56]. 

Table 2.3-1 Solution models used to describe interactions in liquids. Temkin model is an example of 

an ideal model, while more complex models, e.g. Quasichemical model needs to be developed 

specifically for each system. 

Model Ordering (∆S) Enthalpy of mixing (∆H) 

Ideal Random 0 

Regular Random ≠ 0 

Subregular Non-random ≠ 0 

Quasichemical Non-random ≠ 0 

 

As tested by Williams et al. [23], borates show relatively good solubility for multiple metals, 

like Ni, Mg, Fe, Zn, Pb, Ca, Sr and Ba, providing good ground for metal-solution based 

processes. The system evaluated was based on NaCl-Na2O-B2O3 composition, which formed 

a two-phase setup. The lower (borate) phase provided good solubility of metals which took 

the most thermodynamically stable form, which in this case was of metal oxides. 

In the system coupled with chloride salt, metal distribution coefficients varied depending on 

the specific metal evaluated and the salts composition. The partition process thermodynamics 

are considered in the further part of this dissertation. During the dissolution process, no special 

precautions needed to be taken, neither water vapour removal nor special atmosphere. Instead 

an open crucible can be used, which shows the feasibility of this solution. It is suggested that 

borates can be used as a good extraction agent for a range of metals. 

Molten slag materials can also be used to extract metals from alloys by the so-called glass-

slag method. Saito et al. [74] successfully extracted Nd from Nd-Fe-B alloys, leaving less than 

0.01 % of Nd in the alloy. The amount of Nd carried by borate glass exceeded 25 wt%. As the 
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metal took most thermodynamically stable form in borates, by means of chemical reaction 

neodymium formed oxide – Nd2O3. It is also suggested that Co can be easily extracted by the 

same method. 

Similar approach was tested by Saito et al. [75], in regard to Sm-Co alloy, as well as Nd-Fe-B 

alloys, called rare earth metal magnets. By the time Sm amount in borate reached 

58.28 wt%, its amount in the alloy was reduced to <0.05 wt%. The method was found suitable 

for the extraction of samarium and neodymium. This experiment was supported by the need 

of better method when compared to leeching, which creates significant amounts of waste water 

as was described earlier. 

Fluxing in molten borates is proven to work well as a processing method for a range of metals, 

allowing to form alloys or undercool metals using such system. Xiao et al. experimented with 

Cu-Ni alloy in anhydrous B2O3, analysing melting, undercooling and crystallisation 

behaviour. Due to the differences in density, metal alloys go under the borate flux, causing 

full immersion and complete coverage with borate layer. This way many impurities as well as 

metal oxides can be easily dissolved in borate salts [74,76]. 

Alkali metals when introduced to borates are called glass network modifiers due to their 

influence on the structural forms in the network, changing slag properties and behaviour. 

Sodium borate is proven to be of good use in metal extraction and potassium borate present 

similar physicochemical properties, thus can be used in similar manner. Calcium borate, on 

the other hand, due to the calcium cation, form different crystallographic forms diminishing 

many of the alkali borate positive properties [23,77–79]. Therefore, sodium and potassium 

borates have been considered for the needs of this project, as will be described later. 

The different metals solubility shown by various alkali borates is believed to be originating 

from the influence of the alkali metal oxide, e.g. Na2O on the boron oxide melt, as has been 

described by Rowell [59]. As the structure of liquid B2O3 is still not fully evaluated, it is 

theorized to be polymeric, not fully ionised. It is known that an addition of alkali oxide 
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imposes the oxygen atom on the network, resulting in the following change represented in 

Figure 2.3-1: 

Such a structure causes an increase in the negative exchange sites present in the salt, with the 

borate phase acting like a liquid cation exchanger. This influences the metal cations affinity 

and the partition coefficient in case of more than one phase, which will be described later in 

greater detail. These effects seem to peak with 20-30 mol% of Na2O in the borate phase, due 

to the so called borate anomaly [23,59,77], described in section 2.3.2.6. 

Utilising the metals solubility capabilities, borates are most commonly used as a glass-forming 

material, mixed with different metals for the optical and mechanical purposes. It is well known 

that adding alkali metals to the borate glass improves its resistance, but also decreases the 

viscosity and melting point [80]. While the glass-forming side of the borates has been quite 

deeply studied, not much beside it has been looked into [81–86]. As a result, there exist some 

information about individual metals solubility in borates, though mostly in regard to borate 

glasses, unrelated to metallurgy, and thus not focused on the reliability of this medium for 

metal industry processes. Based on the thermodynamical data of the species, simulations of 

Figure 2.3-1 Boron oxide network modified by the alkali metal oxide. 

Addition of the modifier results in an increase in te positive exchange sites, 

which results in higher metals solubility in the melt. 

Adopted from [51]. 
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specific elements behaviour in molten borates can be modelled, filling some of the data lacks 

in this field. However, phase diagrams based purely on thermodynamical modelling and 

estimated data need to be validated in order to prove true, yet they can be used as a starting 

ground or supporting points of assumptions for experimentation if no other data is available. 

2.3.2.2. Phase simulations - binary plots 

Using the FactSage™ chemical thermodynamics modelling system [24], with the most up-to-

date available databases models and values, probable thermodynamic behaviour of the 

evaluated compounds and mixtures were plotted. Attention was focused on the limiting 

concentrations of metals in borate salts, their solubility and phases they might form. The phase 

diagrams created were analysed for a better understanding of processes that might occur, and 

to establish starting points for the experiments to follow, especially the melting temperatures 

of the systems evaluated and the metal solubilities assessed in order to establish a minimal 

amount of metal required for limiting solubility testing. However, there are big gaps in 

thermodynamic data about the species considered and some plots are incomplete and lacking. 

The created phase diagrams are presented in Figures 2.3-2 to 2.3-8 and analysed below. 

The diagrams presented in Figure 2.3-2 and 2.3-3 show respectively potassium and sodium 

borate behaviour depending on the temperature and their composition. A number of points can 

be deduced from these plots. The melting temperature appears as low as 325 OC for K2O and 

B2O3 in optimal ratio, and still quite low, down to 450 OC as lowest possibility for Na2O and 

B2O3 eutectic. There is a distinct lack of information about the potassium oxide – boron oxide 

system is shown as straight lines of liquid formation are very unlikely. Instead, curved lines 

should be plotted representing more probable thermodynamic behaviour, as presented in the 

figure. This shows significant lacks in the thermodynamic data contributing to the databases 

regarding the systems evaluated. Finally, sodium borate is capable of forming significantly 

higher number of complex phases, which indicated that it would be a more problematic system 

to work with due to the diversity of possible reactions and thus potassium-based mix should 

be sued if possible. 

Considering the process evaluated in this work, the most widely accessible potassium and 

sodium borates are K2O-2B2O3 and Na2O-2B2O3. While the melting temperature of potassium 

borate in this composition is relatively low at ~400 OC, the sodium borate, or Borax 

compounds remains solid below 750-800 OC. To avoid local precipitation and viscosity issues, 

process temperature of 900 OC was used, as is explained in a later part of this thesis. 
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Figure 2.3-3 Phase diagram for Na2O - B2O3. Na2O-2B2O3 is marked with a green dot. 

Figure 2.3-2 Phase diagram for K2O - B2O3 mix. The difference between the program-

calculated (black) and thermodynamically-probable (violet) lines is caused by the lack 

of experimental data. K2O-2B2O3 is marked with a green dot. 
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Using the same method, non-alkali metals solubility can be plotted in order to estimate the 

expected dissolved metal amount in the molten salt. These specific metals considered as to the 

best of the author’s knowledge were not evaluated in the literature at the time of writing, 

therefore the presented graph are plotted base only on the ideal-solution models [24]. The 

values need to be evaluated experimentally in order to confirm actual solubility values and 

enable comparison with the theoretical calculations. However, plotting of these values will be 

used as a starting point for the testing when considering the amounts of feed required to 

achieve optimum concentrations or assess limiting solubilities. 

Cobalt oxide solubility in borate molten salt is presented in the Figure 2.3-4. It is of a 

considerably high value, reaching more than 30 mol% at 900 OC. The plotted slope is steep, 

which indicates that the system would readily precipitate the metal oxide in case of the 

temperature change. On the other hand, slight increase in temperature can increase the 

solubility considerably, allowing for some flexibility if the need arise. 

 

 

 

Figure 2.3-4 Phase diagram for CoO in B2O3 
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Phase diagram shown in the Figure 2.3-4 suggests that the copper oxide solubility is minimal 

up to around 1600 OC. Additionally, the phase diagram slope is relatively steep up to around 

2000 OC, suggesting that there will be no significant solubility increase in that temperature 

region. This is a relatively poor solubility, i.e. when compared to cobalt oxide case. 

Copper and manganese oxides, Figure 2.3-5 and 2.3-6 respectively show similar behaviour, 

while nickel phase diagram, shown in Figure 2.3-7 resembles the cobalt case. As presented on 

the plots, some of the metals considered show quite good solubility; however, not all of them. 

Nickel oxide and cobalt oxide can be dissolved in reasonable amounts while still at a relatively 

low temperature. To ascertain sufficient solubility in all cases, addition of alkali metal oxide 

would be in order since, as explained earlier, alkali metal oxides (e.g. Na2O) change the 

polymeric structure of molten borate increasing the number of negative exchange sites. This 

in turn improves the metal cation affinity towards the borate network. Such a change would 

promote the metal solubility in the borate phase, potentially improving the efficiency of the 

system for the purpose of metal recovery. 

 

 

 

Figure 2.3-5 Phase diagram for CuO in B2O3 
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As a point of notice, the lithium phase diagram presented in Figure 2.3-8 is lacking essential 

thermodynamic data, as it is not forming any mixed phases, despite such being experimentally 

proven [67,84]. Some other metals, like niobium, were unavailable for this modelling due to 

the insufficient data in the databases accessible at the time of writing. The reason of such is 

that these metals appear to have been of little interest to the scientists who evaluated the 

considered molten salts systems, most often focused on the glassmaking industry. This 

indicates that more testing is essential for the understanding of the thermodynamics of these 

systems. Therefore, knowledge gap has been identified, and could be filled with this work’s 

experimentation benefitting the molten salts knowledge base. 

  

Figure 2.3-6 Phase diagram for Mn2O3 in B2O3 



32 

 

 

Figure 2.3-7 Phase diagram for NiO in B2O3 

Figure 2.3-8 Phase diagram for Li2O in B2O3 
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2.3.2.3. Phase simulations – ternary plots 

A ternary plot called a triangle plot or de Finetti diagram is a barycentre presentation of three 

variables. Such plots are based on equilateral triangles and created by plotting the possible 

phases stable in the system evaluated, while considering concentration of three elements or 

compounds in the mix, which sum must always equal 100%. Subsequently, constant 

temperature lines are added – isotherms that indicate the precipitation temperature for each 

phase, as indicated by the (s) subscript next to the compounds label. Each phase stability region 

is calculated by Gibbs energy minimisation [24,87]. Ternary plots can be used to observe or 

model more complex set-ups. The variables of interest for this research are molar 

concentrations of three components of the molten liquid. The components can be either pure 

chemicals, e.g. Na or Cu, or compounds, like Na2O or CuO. In case of a system with three 

constituents and constant pressure, temperature relation needs to be plotted as a projection. 

Interpretation of such plots does not differ much from basic plots, and gives us information 

about relative concentrations of three species and phases formation in relation to temperature, 

same as the binary plots. The difference is that in case of ternary plots there are three species 

changing in concentration, as well as the temperature, presented by the coloured contours. The 

modelling of a ternary plot is more difficult and requires more complete datasets. Below are 

presented some of the ternary plots for the system evaluated in this project. 

Figure 2.3-9 Ternary phase diagram for Na2O and K2O with B2O3 (potassium borate) 

 



34 

 

As shown in the Figure 2.3-9, a system with mixed potassium oxide and sodium oxide with 

boron oxide shows similarities to those systems put separately (Figure 2.3-2 and 2.3-3). 

Sodium causes the system to form a lot more complex phases, increasing the diversity of 

possible phases. Melting temperatures of most of these forms are below or close to 900 OC, 

represented by the red isotherm on the plot, making it a relatively low melting point system. 

Additionally, potassium-dominated area of the plot shows that potassium oxide phases are of 

lower melting temperature than the sodium ones. Five triple points can also be spotted on the 

plot, marked by the yellow dots, between 400 OC and 600 OC. In order to evaluate further, 

simulations of potassium and sodium borate mixed with other metal oxides were evaluated, 

resulting in the following Figure 2.3-10 to 2.3-13. 

 

 

Figure 2.3-10 Ternary phase diagram for CoO with K2O and B2O3 (potassium borate) 
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Figure 2.3-12 Ternary phase diagram for CoO with Na2O and B2O3 (sodium borate) 

Figure 2.3-11 Ternary phase diagram for NiO with K2O and B2O3 (potassium borate) 
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The plots presented are of the combinations that the databases were available for, while CuO 

and Mn2O3 data sets were lacking to the point of being unable to calculate a ternary phase 

diagram.  The plots presented above suggest that the metal oxides behave comparatively in 

binary and ternary systems in case of boron oxide based salts. Solubilities and phase-

temperature dependencies are shown as close to the binary models, e.g. under 900 OC 

solubility of cobalt oxide in potassium oxide is over 30 mol%, and there is no influence from 

the amount of potassium or sodium oxide dissolved in the melt. However, it has been already 

mentioned earlier in this section that the alkali metal oxide presence can significantly change 

the solubility behaviour, potentially more than indicated by the plotted phase diagrams. 

Because of the lacks of data in the databases, copper, manganese and lithium oxide plots were 

invalid, which renders them unusable and shows a gap in the knowledge. It shows possible 

and necessary experiments, which needs to be conducted in order to provide full picture of 

metals behaviour in the systems being evaluated. 

The author underlines that these are only simulations based on thermodynamic calculations, 

and need to be validated. The main errors are attributable to the lack of thermodynamic data 

Figure 2.3-13 Ternary phase diagram for NiO with Na2O and B2O3 (sodium borate) 
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resulting in the phase diagrams being based on the ideal solution models. Some mistakes may 

occur due to the round-off error and/or estimation of values, as the database fitting is inherently 

complicated and subjective so can be very different depending on the style of the database 

builder. Gaps in data need to be filled with the values gathered during experiments, also 

making it easier for future phase diagram plotting of the considered systems, filling the 

identified knowledge gap for the befit of the molten salts research. Experimentation regarding 

these values will follow in the experimental section, with the methodology built using the 

analysed phase diagrams as the starting points of the experimentation and the operating 

temperatures selection. 

2.3.2.4. Borate glass 

Borate glasses are of great interest to the industry, thanks to their optical properties and thermal 

resistance, as well as the number of possible modification and combinations. In the glassware 

industry, some research has been conducted mostly regarding optical properties of the product, 

as the influence of metals on light-changing features and crystallographic forms has been 

evaluated. While this project is not focused on the optical or thermal properties of the borate 

glass, the metal solubility and thermodynamic behaviour data is of use for the needs of the 

process developed.  Some of the results are presented below, with focus on alkali and rare 

metals used in the glass-making process. The data on metals solubility is gathered while 

investigating glass properties, while not the primary focus of the reviewed papers, is of interest 

due to the information on metals solubility and influence on the borates properties. 

 Manganese and vanadium borate glass 

Ilonca et al. [88] managed to create manganese and vanadium borate glass: 

x(MnO∙yV2O5)∙(1-x)[2B2O3∙K2O], where x ranges from 0-50 and y = 1. As source materials 

they used H3BO3, K2CO3, MnCO3 and V2O5, processing the melt in the temperature of 1150oC 

for 1h. It shows that manganese and vanadium can both be dissolved in the borate glass in 

appreciable amounts. 

 Lithium borate glass with a wide range of lithium concentrations – calorimetric study 

Matsuda et al. [89] focused on calorimetric studies of the glass transition dynamics in lithium 

borate glasses. Most of the testing has been conducted using the DSC (Differential Scanning 

Calorimetry) apparatus. A wide composition range of lithium oxide was studied, with precise 

data on concentration. A range of lithium borate glasses with following formula was created: 
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xLi2O∙(100-x)B2O3, where x is the molar concentration of lithium, ranging from 0 to70. It was 

impossible to form glasses with x greater than 70, due to fast crystallisation.  

Sample preparation was conducted using LiOH∙H2O and H3BO3, in the following process: 

i. Reaction in an aqueous solution in a Teflon beaker 

ii. Drying in an oven for 1-3 days at 130oC 

iii. The obtained powder was fused in a Pt crucible (1050-1300oC for 0<x≤30 and 

950oC for 30<x≤70) for 1.5 hour 

iv. Plate quenching, resulting in glass formation 

This shows that lithium oxide dissolved in borate in a wide range of concentrations, however 

the process complicates with the increasing lithium content due to faster crystallisation and 

lengthy drying step. 

Other metal borate glasses are also mentioned in the literature, like nickel [90], copper and 

magnesium [66], sodium [86], potassium [88], titanium and cobalt [83]. Unfortunately, they 

are most often tested as a glassmaking material only. It means that mostly magnetic, 

crystallographic and optical properties were evaluated. These are not directly relevant to the 

metallurgical industry, and give little feedback and background for the metal recovery 

processes. However, it proves that a wide range of metals can be dissolved in borate glass in 

varying amounts. 

Glass wetting phenomenon 

Glasses being oxide materials can present significant surface wetting at high temperatures, 

especially on other oxide surfaces. It is based on the similarity of the binding forces of the 

glass to the solid oxide, and therefore a high degree of electronic continuity is present at the 

solid/liquid interface. Because of that we need to be aware of the possibility of extensive 

wetting by borate glass during experiments, when using oxide crucibles like alumina or 

zirconia [91]. 

  



39 

 

2.3.2.5. Boriding 

Borates are commonly used for a process called boronation, or boriding. Boriding is a process 

producing a layer of borides of many metals in their surface. Such surface treatment increases 

hardness and wear resistance, as well as protects against oxidation and corrosion. It is a widely 

investigated process, due to its influence on the boronized metal. During boriding, metals 

undergoing the process gain ceramic-like hardness and resistance, but also the stiffness and 

brittleness as well [53,63,92–95]. Boriding can be performed in more than one way, using 

solid, liquid and/or gaseous media, as shown below: 

 Electrodeposition 

Mechanism of the electrochemical boriding process is as follows [64]: 

2Na2B4O7 = 2Na2B2O3 + 2B2O3 (dissociation)    (a) 

Na2B2O3 = 2Na+ + B2B4
2-

 (ionisation)     (b) 

B2O4
2- = B2O3 + ½O2 + 2e-  ( anode reaction)    (c) 

2Na+ + 2e- = 2Na0 (cathode reaction)     (d) 

6Na + 2B2O3 = 3Na2O2 + 4B (on the cathode)    (e) 

However, according to Kaptay and Kuznetsov [93], in molten salts the electrochemical 

boronation mechanism is a single 3-electron reduction process: 

B3+ + 3e- = B  (one-step reduction)     (f) 

With a very wide range of current densities in which it appears (5-112 A dm-3 on iron [53]), 

the actual process can start very early. Electro-boronation can be also performed at relatively 

low temperatures like 500 OC, for example by using B2O3 and Mg boriding substrate, in order 

to obtain titanium borides [65]. Depending on the conditions, environment and expected result, 

the boriding process is evaluated in wide range of currents and voltages. The process itself can 

occur very rapidly, due to the chemical nature of the process which happens before the proper 

electrodeposition occurs [93]. This makes it difficult or even impossible to avoid this 

phenomenon when the boron reduction conditions are met. Example of industrial boriding 

conditions are shown in Table 2.3-2 below. 
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Table 2.3-2 Exemplary boriding conditions. Boriding is a process of boron deposition on or into 

metal substrate [93] 

Electrolyte U [V] i [A] Cathodic product 

    

LiBO2-NaBO2-TiO2 

(Li, Na)2TiO3 
0.31 0.008 TiB2 

KCl-KF K2TiF6-KBF4 0.6 0.2 TiB2 

 

 Boronation from gaseous phase 

As a pure chemical boronation, such process can be made using gaseous phase. Iron can be 

boronated from the gaseous phase using BBr3-hydrogen mixture vapours, in 450-750oC, under 

normal atmospheric pressure. As a result polycrystalline monoboride FeB is formed on and 

under the surface of the iron sample [92]. 

 Chemical boriding 

Boronation can be also conducted by chemical means of reduction in a solution, like for 

chromium [96] or titanium [97], following simple chemical reaction: 

Ti + 2BBr3 + 6Na → TiB2 + 6NaBr 

In this case, sodium plays the role of reducing agent. The whole process is conducted under 

400 oC, making it a low-temperature process in comparison to other metallurgy processes. The 

source material in this case is the boron tribromide with titanium powder. While the whole 

process takes 6 hours to complete, results can be seen long in early moments of the reaction, 

though with lower yield and high crystallinity [97]. 

Due to the various relatively easy ways boron atoms can be deposited on a metal sample, it is 

suboptimal to use boron salt as a medium or environment for electrochemical metal recovery. 

Electroplating of metals from borate salts results in the plated metal being inevitably 

contaminated with boron atoms [51]. In order to obtain pure metals from ions dissolved in a 

borate phase, another step with intermediate medium would have to be introduced into the 

process. 



41 

 

2.3.2.6. Borate anomaly 

Some of the borate glass properties are counter-intuitive, in significant part due to the 

phenomenon called borate anomaly. Physical properties of these mixtures do not follow the 

concentration changes, but rather form maxima and minima against their composition. Thus, 

it is difficult to predict the properties of complex systems with borate slag. The reason for this 

anomaly has been studied by other researchers and is present in the literature [59,77,84,98,99]. 

An example of such an anomaly is the material fragility index, which peaks at around 50% of 

alkali oxide concentration in borate glass and then the index value decreases [84]. Another 

example is given by Shelby where he analyses the influence of R2O (R – alkali metals) content 

on the thermal expansion coefficients of borate glass samples. It was concluded that the 

strongest effect can be observed around 20-30 % molar concentration of the alkali metal in the 

borate mix, above which the trend started to reverse. 

The borate anomaly explanation considered most reasonable by the author is the one described 

by Doweidar [77] as well as Shelby [98]. In both of these works it is explained that B2O3 glass 

consists of flat BO3 triangles. Addition of metal oxides results in transformation of BO3 

triangles into BO4 tetrahedra. In other words, a change from 3- to 4-fold coordination of the 

boron atoms. If a more significant amount of an R2O is added, formation of NBO starts which 

results in a reverse of the initial effect. The formation of 4-coordinated borate tetrahedra is 

shown in Figure 2.3-1 in section 2.3.2.1. 

While this theory is generally agreed upon and is a good indication for the reason of the 

properties change originating from the boron oxide network modifications, upon closer 

inspection it was discovered that a number of more complex, intermediate structural groups 

can be formed in alkali metal borates [98] causing competing effects. This explains the peak 

effects being slightly different for each specific property (e.g. thermal expansion, glass 

transition, metal solubility) as observed by other researchers. As molten borates are known to 

be highly polymeric [59], their network properties are retained in the liquid phase and so is 

the influence of alkali metal oxides. 
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2.3.3. Chlorides 

Many useful chlorides are widely accessible, e.g. NaCl being an everyday consumable or AgCl 

being used as a vital reference electrode component across the world, and some of them have 

been thoroughly evaluated. Large amounts of sodium chloride are used across many industrial 

processes, which constitutes the dominant use of this chemical [100]. Chloride salts are widely 

used in the metals electrodeposition industry, e.g. for Ni and Mn [101], Ti[102], Al-Nb[103], 

Mg, Ce and Li [104], Ag [105], or even metals from the f-block [106]. The use of molten 

chlorides in electrochemistry requires atmosphere control, e.g. inert gases like argon and 

additional control measures due to the salt evaporation at high temperatures [107]. Chlorides 

are a common medium in electrochemical processes, as they are known to provide a stable 

medium for electrodeposition of a range of metals. They enable good process repeatability, 

efficiency and high quality of electroplated metals, and thus are of high interest for 

electrometallurgy [104,108,109]. Furthermore, with sodium chloride prices being relatively 

low, and its production and accessibility all over the world [110], its use can have a positive 

effect on the economic feasibility of the process considered. 

Chlorides high conductivity phenomenon: 

High temperature ionic liquids, due to their ionic form, are considered to be conductors of the 

second class – electric current is transferred by the cations and/or anions movement across the 

melt. However, there are melts of extraordinarily high conductivity, impossible to explain 

using the standard second class conductor models. It has been assumed that the electron 

component is being “superimposed” on the ion component, resulting in an ion-electron 

conductivity model. As an example, it has been reported that molten salt mixtures of the CuCl-

CuCl2-MeCl (Me = Li, Na, K, Cs) behave accordingly to the ion-electron conductivity model 

in a wide interval of concentration ration between copper and alkali-metal chlorides [111]. 

2.3.3.1. Electrochemical potentials in molten chlorides 

Electrochemical potential is a chemical specie thermodynamic property and can be defined as 

the work required to bring 1 mole of an ion from a standard state to a specific concentration. 

It is also the standard molar Gibbs free energy at the specified electric potential [112]. 

Electrode potential, which is relevant to this work, often called electrochemical potential to 

the confusion of the readers, is the electric potential on an electrode component, which appears 

as an interface between the electrode and the surrounding electrolyte. According to IUPAC 
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definition [113],  it is defined as the electromotive force of a cell in which the left-hand 

electrode is a standard hydrogen electrode, and the right-hand electrode in the one under 

evaluation. Electromotive force of any cell is defined as the difference between its cathode and 

anode potentials, with the latter with negative sign. Alternatively, the absolute electrode 

potential is the potential versus a free electron in vacuum [114]. Electrode potential depends 

on the nature and composition of the phases, and for non-equilibrium state also on the kinetics 

of the reaction ongoing at the electrode’s surface. 

As a result, most of the experimental aqueous systems are referred to the standard hydrogen 

electrode (SHE) commonly assumed to be the 0 V point. This is not always the case with 

molten salt systems, as the SHE cannot be used above certain temperatures and the use of 

other standard reference electrodes can be impossible in a molten salt environment [115]. 

Review of alternative reference electrodes used to define the cell potentials in non-aqueous 

systems is included in section 2.3.3.2. 

The electrochemical potential can be also calculated using basic thermodynamic calculations 

derived from the Gibbs free energy equation (2.3-4), and/or the Nernst equation (2.3-6), 

depending on the data available and the system in question. Most often validation by 

experimental methods is necessary, as these equations do not include some thermodynamic 

influences present and specific to each electrochemical cell. 

∆𝐺 = −𝑅𝑇𝑙𝑛𝐾 = −𝑛𝐹𝐸0     (2.3-4) 

𝐸0 =
−∆𝐺

𝑛𝐹
      (2.3-5) 

𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 𝐸0 +
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝑎𝑂𝑥

𝑎𝑅𝑒𝑑
     (2.3-6) 

where: ∆𝐺 – Gibbs free energy, R – gas constant [𝐽 𝐾−1 𝑚𝑜𝑙−1 ], T – temperature [K], K – 

equilibrium constant, n – number of moles of electrons, E0 – standard cell potential [V], F – 

Faraday constant [C mol-1], 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 – cell potential [V] and 𝑎𝑂𝑥/𝑅𝑒𝑑 – activity coefficient. 

In a non-ideal electrochemical cell, the electric potential that needs to be applied to 

overcome the desired reaction kinetic barriers needs to include a number of influences, like 

overpotentials. The required cell potential can be represented by the following equation (2.3-

7) [116]:  

𝐸 = 𝐸𝑐 − 𝐸𝑎 − |𝜂𝑐| − |𝜂𝑎| − 𝑖(𝑅𝑠𝑜𝑙𝑛 + 𝑅𝑐𝑖𝑟𝑐𝑢𝑖𝑡)    (2.3-7) 
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where: E – cell potential [V], 𝐸𝑐/𝑎 – cathode/anode potential [V], 𝜂𝑐/𝑎 – cathode/anode 

overpotential [V], i – current [A], 𝑅𝑠𝑜𝑙𝑛/𝑐𝑖𝑟𝑐𝑢𝑖𝑡 – solution/circuit resistance [Ω]. 

The difference between the thermodynamic potentials (calculated using Gibbs or Nernst 

equations) and the experimentally measured values can be different, due to a number of 

reasons. Firstly, a reference electrode is often used, resulting in a shift referred to as Eref when 

compared to the full-cell potential calculated with the Nernst equation. Secondly, each system 

has its specific overpotential composed of activation overpotential (Eact) often called reaction 

overpotential caused by the activation energy necessary to transfer the electron between the 

electrode and the electrolyte, concentration overpotential (Econc) which accounts for the 

depletion of the reactant at the electrode surface and includes the diffusion overpotential, and 

resistance overpotential (EΩ), which includes junction overpotential, electrode capacitance 

and are specific to each cell design. These influences can be written as follows: 

𝐸𝑒𝑥𝑝 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 + 𝐸𝑟𝑒𝑓 + (𝐸𝑎𝑐𝑡 + 𝐸𝑐𝑜𝑛𝑐 + 𝐸𝛺)   (2.3-8) 

𝐸𝑎𝑐𝑡 is related to the electrochemical reaction happening at the electrode, so it is specific to 

each metal compound (same as the thermodynamic values 𝐸0 and 𝐸𝑁𝑒𝑟𝑛𝑠𝑡). The same would 

apply for the 𝐸𝑐𝑜𝑛𝑐 values, which depends on each specific case. The difference between the 

thermodynamic value and experimentally measured potential caused by the use of the 

reference electrode is recognised as the 𝐸𝑟𝑒𝑓 in equation (2.3-8). 𝐸𝑟𝑒𝑓 value can be assumed 

consistent in the given cell set-up, as the electrode material is in most cases selected to be 

chemically stable in the given process environment and it is not taking part in the reaction, so 

its stability is not compromised by the passing electric current [115,117–120]. As for the EΩ, 

high temperature ionic liquids are considered to be conductors of the second class (current 

transferred by the ion movements across the melt). However, some molten salt mixtures, 

including CuCl-CuCl2-NaCl were reported to show ion-electron conductivity due to the 

superimposition of the electron component on the ion [111]. For this reason, it cannot be ruled 

out that the metal chloride present in the melt has an influence on the cell resistance 

overpotential as well. To summarise, the shift in the electrochemical reduction potentials 

between the thermodynamic and experimental values can be caused by the activation, 

concentration and resistance overpotentials and the use of the reference electrode, with the last 

element consistent between the samples. Therefore, each new system has to be evaluated in 

order to obtain the non-ideal electrochemical red-ox reaction potentials. This way, a 

comparison against the calculated thermodynamic values is possible.  
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In regard to molten-salt systems, Gaur et al. [108] measured the reduction potentials for a 

range of metals at 475 OC, using Ag(0)/Ag(I) as the reference point. In his analysis the 

electrode potentials for a number of transition metal based systems are evaluated. The salt 

used for the experimentation was a molten magnesium chloride-potassium chloride mix (32.5-

67.5 mol%). As the Ag(0)/Ag(I) couple has been reported to obey the Nernst equation in 

molten chloride systems, it was possible to report the apparent standard electrode potentials 

for the evaluated metal-metal ion couples using the apparent standard potential of the silver 

system as a 0 V reference point. The values reported are listed in Table 2.3-3. 

Table 2.3-3. Apparent standard electrode potentials vs Ag(0)/Ag(I) as reference, at 475 OC in molten 

MgCl2-KCl  [108] 

System 
Apparent standard 

electrode potential [V] 

 
System 

Apparent standard 

electrode potential [V] 

     

Mg(II)/Mg(0) -1.9213  Pb(II)/Pb(0) -0.4780 

Mn(II)/Mn(0) -1.2078  Co(II)/Co(0) -0.3601 

Zn(II)/Zn(0) -0.9262  Ni(II)/Ni(0) -0.1673 

Ti(I)/Ti(0) -0.7554  Cu(I)/Cu(0) -0.1495 

Cd(II)/Cd(0) -0.7168  Sb(III)/Sb(0) -0.0594 

Cr(II)/Cr(0) -0.6546  Pd(II)/Pd(0) 0.3867 

Fe(I)/Fe(0) -0.5364  Pt(II)/Pt(0) 0.5802 

Sn(II)/Sn(0) -0.4836  Au(I)/Au(0) 0.8519 

 

2.3.3.2. Reference electrodes in molten salts 

Aqueous systems are usually referenced in relation to the Standard Hydrogen Electrode 

assumed to be at 0V, as explained in previous section. In non-aqueous systems however such 

an electrode cannot be used due to the lack of water and hydrogen, and considerably higher 

operating temperatures. This limits the range of feasible materials, and alternative reference 

systems, often called quasi-references, are used [115]. These will be discussed below. 

The most commonly used reference electrodes found in molten salts systems are the electrodes 

of the first kind. These are based on a metal/ion relation, with the assumed metal activity of 1. 

According to the Nernst equation discussed previously, if the metal ion concentration remains 
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constant, and the solid metal activity of 1 can be removed from the equation, the 

electrochemical potential of such cell remains constant. Therefore, for such systems a non-

reactive metals that take no part in the process reaction can should be used [115]. Examples 

of such systems are: molybdenum wire [121] or tungsten [118,120], both used by other 

researchers in molten halide systems. 

Electrodes of the second kind can also be used in molten salt systems. These are based on a 

metal covered with that metal salt containing an anion common with the solution it is 

immersed in, e.g. silver-silver chloride systems. Due to the solubility issues especially at 

higher temperature and lack of anion concentration stability, such electrodes are not commonly 

used in molten salts electrochemistry [115]. As the electrode coating can dissolve in the system 

under evaluation, resulting in the electrode taking part in the reactions, electrochemical 

potential would vary invalidating the measurements. 

There are some shortcomings inherent to the aforementioned systems, otherwise absent from 

the standard aqueous environments. High solution resistances can influence the measurements 

as reported by other researchers [122], although this is not relevant to the halide system used 

in this work, as previously discussed, due to their high conductivities. Nevertheless, care 

should be taken to avoid unnecessarily large distances between the reference and working 

electrodes. Secondly, the potential of each quasi-reference systems differs depending on the 

metal used and the environment/solution it is used in. Thirdly, such electrodes can show 

significant drift if the metal selected is not stable in the systems evaluated, which might prove 

challenging depending on the configuration under evaluation. Lastly, junction potential can be 

formed if used in mixed systems or in a sheathing [115]. 

Based on these considerations, the most feasible solution for the system evaluated in this work 

is a tungsten metal, due to its chemical, thermal and electrochemical stability [115,117–120]. 

Due to the borates ability to dissolve most of the metal oxides, no sheathing can be used as it 

would incur additional instabilities to the measurements. 

2.3.3.3. Electrodeposition profiles in molten salts 

Electrodeposition process can be influenced by a number of parameters, including 

overpotential, temperature and diffusivity among others [114,123]. Each of these parameters 

can be changed resulting in different deposits being obtained. Firstly, potential applied to the 

electrolytic cell can result in the process being kinetically or diffusion limited, as shown in 
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Figure 2.3-14. This naturally leads to the diffusivity parameter, which controls the geometry 

of the deposits obtained. In a diffusion-limited region, the process is limited by the mass 

transport of the reagent, resulting in a typically highly dendritic deposits. This also allows for 

measurement of diffusion coefficients using electroanalytical methods, discussion of which 

will follow in this work. Alternatively, diffusion can be aided by convection by introducing 

mixing, which could limit the diffusion limitations resulting in a more uniform metal 

electrodeposition. 

 

Figure 2.3-14 Exemplary Cyclic Voltammetry curve of metal electrodeposition. Each peak 

corresponds to a redox reaction, anodic in the positive current region and cathodic in the negative. 

Preceding the peak current is the kinetically limited region, followed by the peak redox reaction 

potential and the diffusion limited region. The diffusion part is tailing, as the reaction is ongoing 

although at a lower rate due to the consumption of the analyte during the peak current. In the kinetic 

region no reaction happens as the reagents are kinetically locked in their current state and not 

enough potential is applied to overcome the energy barrier [114]. 

Diffusion-limited electroplating behaviour has also been reported by other researchers in the 

molten salts research [70,124–126]. Example of such deposits is shown in Figure 2.3-15. One 

has to appreciate that the geometrical analysis of molten salt dendritic deposits is challenging 

due to the difficulty in retrieving the deposits, separating from the substrate without destroying 

the structure and sometimes water-sensitivity of the product, significantly limiting the 

applicable analytical methods. 
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Figure 2.3-15 SEM image of the needle-like deposits from the BiCl3-TeCl4 deposits. Deposition took 

place at 0.9 V vs Al/Al3+ reference from the non-aqueous AlCl3-NaCl-KCl mix at 423 K [127]. 

Finally, temperature influences the viscosity and density of the considered mixture, which in 

turn influences the previously mentioned parameters like diffusion and overpotentials. Higher 

temperature generally lowers the kinetic barriers of the process, resulting in easier 

electrodeposition (lower electrodeposition potential), potentially more uniform deposits 

and/or more rapid processes by lowering the required electroreduction overpotential and 

increasing the reagents solubility in the mix. Alternatively, by increasing the temperature 

above the melting point of the deposits, liquid metal can be plated, resulting in almost-

perfectly smooth drop-like deposits. 

Cyclic Voltammetry profiles are also a good indication of the process reversibility [114]. 

Reversibility can be understood differently depending on the system evaluated and 

methodology, and can be defined as chemical; whether reversing the current flow in a cell 

reverses the chemical reaction on the electrode, thermodynamic; whether a reversible path 

exists between two states of the system, and practical; whether the system can attain 

equilibrium in a reasonable time in relation to the measurement time. The last definition is 

dependent on the observer’s ability to observe disequilibrium and on the parameters of the 

experiment, e.g. reversible reactions might appear irreversible depending on the scan rate of a 

CV measurement. Usually, if a given reaction follows the Nernst equation, it is assumed to be 

thermodynamically reversible, or Nernstian. Reversible electrochemical reactions appear as a 

pair of redox peaks on a CV curve, and their reversibility can be estimated by the distance 

between these peaks – the potential difference required to reverse the redox reaction. 
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A commonly used sweep rate of 100 mV s-1 has been reported by other researchers working 

with molten salts [125,128]. At higher sweep rates the nucleation step starts to have higher 

influence on the process as observed by Hills et al. [129], while at lower scan rates the current 

passing through the electrode become significant which may result in changed morphology of 

the electrode, e.g. formation of significant dendrites. Additionally, activity of the species on 

the electrode is different at different potentials and different concentrations, which influences 

the peaks shape, possibly obscuring the reaction onset. At higher scan rates the activity at the 

surface of the electrode would be much higher at the beginning of the process, resulting in 

higher peaks, while slower scan rate would form less pronounced, stretched peaks, as the 

specie have time to diffuse (resulting in higher current in the diffusion controlled zone), 

although their activity at the visible onset of the reaction would be lower [114]. Therefore, the 

usually applied rate of 100 mV s-1 is a balanced choice.  

2.3.3.4. Electrodeposition of specific metals from molten 

chlorides 

Mg, Li and Ce electrodeposition 

A successful deposition of Mg, Li and Ce from molten chlorides has been described 

by Meng et al. [104]. In order to conduct the electrodeposition, a mixture of LiCl-KCl (50:50 

wt.%) was melted in a quartz cell in an electrical tubular furnace, and kept to dry for 48h in 

573K and 873K respectively. Magnesium and cerium were introduced into the mixture in a 

form of dehydrated chlorides. The electrolysis was performed using a molybdenum working 

electrode, and a graphite rod as a counter-electrode, at the temperature of 873K. The Cyclic 

Voltammetry scans produced are shown in Figure 2.3-16 and 2.3.-17. 
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Figure 2.3-16 CV scan of 1 wt% MgCl2 reduction in the LiCl-KCl molten salt at 600 OC. 

Molybdenum was used as the working electrode (0.322 cm2), silver-silver chloride was the reference. 

Peak A corresponds to magnesium and peak D to the lithium redox reaction [104]. 

 

Figure 2.3-17 CV scans of 1 wt% MgCl2, 2.2 wt% CeCl3 (solid curve) 

or 2.2 wt% CeCl3 (dotted curve). Insert contains additional 1.1% of CeCl3. 

The electrolyte was LiCl-KCl molten salt at 600 OC. Molybdenum was used as the 

 working electrode (0.322 cm2), silver-silver chloride was the reference. 

Peaks are labelled as follows: A for Mg, B for Mg-Ce alloy, C for Ce and D for Li [104]. 
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It was proven that all of those three metals can be co-deposited directly from LiCl-KCL. 

However, as shown in Figure 2.3.-17, alloying might occur when metals present in the melt 

can form alloys and their reduction potentials are close to each other. Such phenomena need 

to be considered when trying to separate metals by electrolysis. Moreover, the composition 

can be controlled by the current density, changing the relative metal concentrations in the 

obtained alloy, turning an obstacle into a beneficial process.  

Additionally, it is clearly visible that the oxidation/stripping peaks are significantly higher than 

the reduction curves. Such an effect comes from the charge transfer coefficient differences, as 

the process of reduction is limited by the analyte diffusing towards the electrode, while the 

reduced metal is readily available for the oxidation [114]. If integrated, the curves can show 

the charge passed, useful for comparison of cathodic/anodic current passed, providing 

additional insight into the process mechanics.  Electrodeposited material was characterised 

and the deposits composition was analysed. Results are shown in the Table 2.3-4: 

 

Table 2.3-4 Mg-Li-Ce electroplating results [104] 

Current density [A cm-2 ] Mg content [wt%] Li content [wt%] Ce content [wt%] 

    

-4.66 92.82 3.51 3.67 

-6.21 75.51 18.46 6.03 

 

Uranium dioxide reduction in LiCl-KCl eutectic 

Brown et al. [130] analysed electroreduction of UO2 species in molten halides, highly relevant 

for the nuclear fuel industry. Spent nuclear fuel in form of UO2 needs to be reprocessed into 

pure uranium before it can be used again in a nuclear reactor. As a result, a reduction process 

in molten halides has been analysed using LiCl-KCl eutectic at 450 OC. A CV sweep has been 

selected as a fitting method for the process analysis, as shown in Figure 2.3-18. 

As seen in the graph, the reduction process is reported to be a single-step, 4-electron reaction, 

as indicated by the single C1 peak, with the A1 being the anodic oxidation response. Peak C2 

corresponds to the electrolyte decomposition, while A2 represents the molybdenum electrode 

oxidation. P arrow marks the inflection current. In this work current density was not calculated 

due to the difficulty in assessing the immersion-defined area of the working electrode. 
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Additionally, it can be seen that the electrolysis in molten salts can inherently result in some 

relatively noisy readings, resulting in a difficult to analyse CV curves. 

 

 

Figure 2.3-18  Cyclic voltammogram of UO2 reduction vs Ag/Ag+ on a molybdenum electrode in 

molten LiCl-KCl at 450 OC. Sweep rate of 10 mV s-1 was used. The CV curve is divided into three 

regions: A before the electroreduction, B as the potential redox process region and C corresponding 

to the post-reduction area, where the electrolyte decomposition starts. P is the inflection point [130]. 

PbCl2 electrolysis from molten LiCl-KCl 

Haarberg et al. [125] analysed the mechanics of metal chlorides electrolysis in molten halides 

eutectic mix of LiC-KCl. In his paper the metals were plated on a glassy carbon surface 

(crucible). Metal undergoing electroreduction worked as a reference located in a silica tube, 

with tungsten wire used for electrical connection. Molybdenum and tungsten were used as 

counter electrodes.  The cyclic voltammogram produced is shown in Figure 2.3-19. 

It can be seen that the Pb+2 ion is reduced in a single 2-electron step as shown by a single peak, 

followed by a diffusion-limited tail. Moreover, similarly to the previous cases, anodic sweep 

results in a much higher stripping peak, as the availability of the reactant is significantly higher 

and not diffusion-limited, as the previously plated metal is not spread throughout the 

electrolyte. In this paper it is concluded that the process is diffusion limited, although can be 
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influenced by the nucleation phenomena, resulting in false diffusion coefficient readings if 

calculated from the transient electrochemical measurements. Important observation is also 

made that the foreign substrate used (carbon) resulted in a significant overpotential required 

in order to start the electroreduction process. 

 

Figure 2.3-19 CV plot of a PbCl2 solution (0.031M) in an LiC-KCl eutectic at 400 OC. Sweep rate of 

100 mV s-1 was used versus Pb metal. Glassy carbon crucible worked as the cathode. Curves A and B 

were produced after a scan with 1 V and 0.5 V anodic switching potential, respectively[125]. 

Other metals electrodeposition 

Electrodeposition from molten salts is very different from aqueous systems, due to lack of the 

solvation layer, full ionisation, relatively faster kinetics caused by significantly higher 

temperatures, among other reasons [72,131].  As a result, a number of metals and more 

complex components are obtained this way, e.g. Nb [132], Sm [133,134], Th [135], Ti-W 

alloys [48], Mg [124], or Nd [136]. However, none of the electroreduction systems available 

in the literature at the moment of writing this thesis adopted two- or multi-salts system, which 

is the key innovation in the system described in this work. 
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2.3.4. Borate-Chloride mixed system 

As explained in  previous sections, depositing a pure metal from borate using electrochemical 

methods is challenging, due to boron contamination present in the sample after processing and 

a relatively small electrochemical window [59]. Chlorides, which are commonly used for 

industrial electroplating processes [110], require strict atmospheric control during the process 

[101,104,108,137] and are not as resistant to impurities and water pollution as oxides (i.e. 

borates). As a solution, a mixed chloride-borate salts system has been used for metals leeching 

and/or extraction [51]. Such an environment would bear both salts positive properties if 

configured and used properly. A borate-chloride system has not been thoroughly examined, 

however it has been mentioned in the literature, as follows: 

Molten alkali borates show immiscibility over a wide range of compositions when coupled 

with molten chlorides, as well as specific metal ions selectivity. Molten borates are considered 

to be highly polymeric when molten, unlike molten chlorides which are highly ionic. The 

reason behind the immiscibility of these two salts has been explained as caused by the 

difference in the molten phases ionic and non-ionic nature [59]. While molten electrolytes are 

usually considered to be fully ionic, the covalently bonded nature of borates causes the 

immiscibility. The immiscibility can be overcome by adding alkali oxides to the melt; 

however, the immiscibility region is quite extensive. While the phases are immiscible, ions of 

metals dissolved in the system are distributed between the two phases in proportions dependant 

on the nature of the ion itself and the salts composition. 

Williams et al. [23] is first reported to evaluate this system to some extent. The observed 

system was created using NaCl, Na2O, NaF, B2O3, and additional metals. Preliminary tests on 

the borate-chloride composition have shown that in such case free-flowing, immiscible, and 

easily separated liquids are formed. Most importantly, there is an ongoing ionic-exchange 

process between the two liquids, according to reaction (2.3-9): 

𝑀𝑂(𝑠) + 2𝑁𝑎𝐶𝑙(𝑙) + 𝐵2𝑂3(𝑙) = 𝑀𝐶𝑙2(𝑙) + 2𝑁𝑎𝐵𝑂2(𝑙)  (2.3-9) 

Knowledge of the reaction allow for thermodynamic estimations of the distribution 

coefficients for specific metals, if sufficient data on the species activity coefficients and 

concentrations in each phase was available. 

The amount of metal ions dissolved in halide layer is usually very low, as the following 

reaction (2.3-10) Gibbs free energy (∆G) is large and positive: 
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𝑀𝑂 + 2𝑁𝑎𝐶𝑙 = 𝑁𝑎2𝑂 + 𝑀𝐶𝑙2   (2.3-10) 

However, the following reaction (2.3-8) is capable of the oxygen removal from the halide 

phase and significantly lowers the activity of Na2O in the system [138], which would allow 

for increased metal oxide solubility. For such a reaction to happen, it requires B2O3 dissolved 

in the halide phase. 

𝐵2𝑂3 + 𝑂2− = 2𝐵𝑂2
−     (2.3-11) 

The amount of boron oxide present in the halide phase is related to the alkali metal oxide 

present in the mix, as shown in the phase diagram in Figure 2.3-20. 

 

 

Figure 2.3-20 Immiscibility diagram for the Na2O-B2O3-NaCl system. The composition evaluated 

in this work is in the region resulting in immiscibility of the halide/oxide phases.. 

Redrawn from [139] with permission. 
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It can be seen in the figure that the amount of B2O3 present in the halide phase is negligibly 

low for the compositions in the immiscibility region, as represented by the tie-lines orientation. 

This limits the B2O3 influence on the metal oxide solubility suggested by the reaction (2.3-

10), for the immiscible phases configuration. Contributing to the partition coefficient is a 

second theory, considering negative exchange sites in the borate phase [59], as explained in 

the previous section. As the alkali metal oxide content rises (with the maximum effect at 

around 25 mol%), due to structural changes in the highly polymeric borate network, as 

represented by Figure 2.3-1, negative exchange sites are created capable of positive charge 

screening. This causes the metal ions affinity to shift towards the borate layer, reducing the 

amount of metal ions present in the halide layer for a range of Na2O-B2O3-NaCl compositions. 

An altogether different behaviour can be expected from metals capable of oxychloride 

formation. Such metals would form different compounds in the halide layer, diverging from 

the assumed reaction (2.3-9). As a result, specific partition coefficients can be expected for 

these cases, heavily reliant on the partial oxygen pressure in equilibrium with the melt. Metals 

reportedly forming oxychlorides in oxide-halide systems are chromium (Cr) and iron (Fe) [59]. 

In conclusion, metal ions distribution between the molten oxide (i.e. borate) and halide (i.e. 

chloride) phase vary in a significant range for different metals and environments. Some 

preference towards the borate phase has been reported in the literature as mentioned here and 

in previous sections. The distribution coefficients are closely connected with the valence of 

metals, showing a change in the magnitude of value between two- and trivalent metals, oxygen 

partial pressure, and alkali metal oxides presence [23,59,139]. It is also suggested that the 

considered molten salt system composed of sodium chloride and sodium borate phases could 

be used as metal extraction system for a range of metals. 

  



57 

 

2.3.5. Predominance diagrams 

There are two main forms of predominance diagrams used in electrochemical sciences – 

Pourbaix diagrams [140] used to describe aqueous environments, and Littlewood diagrams 

[141] for the non-aqueous systems. Such diagrams depict regions of stability for various 

phases at certain conditions, usually represented versus oxygen levels or pH for Pourbaix (x-

axis), and electrochemical potentials or another specie concentration/activity (y-axis). They 

can be used to thermodynamically define the system being evaluated, and subsequently predict 

the reaction routes based on the intermediate phases stability. This can be useful for corrosion 

or electrochemical redox reactions analysis. Additionally, levels of oxygen impurity in metals 

obtained can also be inferred. Predominance diagrams are constructed by stability prediction 

of certain phases based on their Gibbs free energy of formation of the compounds, which then 

subsequently can be used to estimate the electrochemical potentials via equation 2.3-5, as 

previously described in section 2.3.3. Resulting are diagrams like shown in Figure 2.3-21, 

drawn for the FFC Cambridge process, in this case describing reduction paths for titanium. 

 

Figure 2.3-21 Ca-Ti-O-Cl and Ca-Mo-O-Cl overlaid predominance/Littlewood diagrams. 

S.Cl.E. (y-axis) stands for standard chlorine electrode. This diagram describes the system used in the 

FFC Cambridge process, previously described in section 2.2. Adopted from [49]. 
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From the predominance diagram above it can be read that MoO2 can be reduced directly to 

Mo in one reaction. It also shows that it is possible to reduce CaTiO3 directly to Ti via reaction 

2.3-12. Electrochemical potential of the reactions can also be read as described, showing that 

lowering the pO2- a more negative potential is required to obtain pure Ti. Alternatively, 

stability of oxychlorides at certain parameters is also theoretically confirmed. Analysis like 

this can help to optimise the process and better understand the reactions occurring. 

𝐶𝑎𝑇𝑖𝑂3 + 4𝑒− → 𝑇𝑖 + 𝐶𝑎2+ + 3𝑂2−    (2.3-12) 

The following Littlewood diagram for Ni-LiCl system [141] is relatively simpler, and more 

relevant to the work developed in this thesis. The diagram is shown in Figure 2.3-22. It is 

shown that NiCl2, compound naturally stable at the temperature of 800 OC, can be reduced to 

pure nickel metal in a one-step reaction with no intermediate phases in-between at the cathodic 

potential of -0.9 V from the given system. This can be a very useful information, as it suggests 

for example that in case of a Cyclic Voltammetry scan in such system only one reduction peak 

should be observed, for the reduction of Ni2+ ion to Ni metal. 

 

Figure 2.3-22 Littlewood diagram for the Ni-LiCl system at 800 OC. Stability of NiO, NiCl2 and Ni 

metal at certain parameters can be inferred from this graph. Adopted from [141]. 
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As mentioned before, creation of predominance diagrams requires knowledge of certain 

thermodynamic values, i.e. Gibbs free energies, to estimate the stabilities of certain phases at 

certain parameters. The difficulty with the novel system evaluated in this work is a certain lack 

of thermodynamic data, similarly observed in case of phase diagrams, as described in section 

2.3.2. Due to these gaps in knowledge, no other Littlewood diagrams relevant to the developed 

process were accessible at the time of writing this thesis. Presence of such would greatly 

benefit the understanding and optimisation of the processes occurring in the designed 

electrochemical cell.  
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2.3.6. Diffusion in molten salts 

The diffusion coefficient is materials property, with a number of studies reported and various 

systems examined [142]. However, the data is quite often widely dispersed and the results 

vary depending on the experimental methods used. In electrochemistry, a range of methods is 

used for diffusion analysis: chronopotentiometry (CV), chronoamperometry, linear sweep 

voltammetry (LSV), polarography, rotating disc electrode and faradaic impedance [142]. For 

the needs of this project, chronoamperometry was selected as the most fitting method for the 

observation of the process kinetics. It allows for the process analysis and the potential side-

reactions detection, as well as numerical correlation of the current variations with the progress 

of the electrodeposition. 

In electrochemical processes, molten halides show high conductivities and charge transfer 

rates at elevated temperatures. Therefore, most commonly the diffusion is the limiting step for 

the whole process [51,125]. As such, this (diffusion) would be the parameter limiting the 

charge passing through the electrodes in a specific amount of time, and therefore possibly 

extracted from the data collected during the process of electrodeposition. 

Chronoamperometry has been reportedly used for evaluation of the diffusion behaviour in 

molten electrolytes [124,125,143]. In order to assure the reduction of the reactant 

concentration on the electrode surface to a fraction of the bulk concentration, an overpotential 

needs to be applied of around -200 mV above the peak reduction value [125]. Correlation 

between the current and diffusion can be described by the Cottrell equation (2.3-13): 

𝐼 =
𝑛𝐹𝐴𝑐∞√𝐷

√𝜋𝑡
      (2.3-13) 

Where: 𝑐∞ is the analyte bulk concentration [mol cm-3], n is the amount of electrons 

exchanged, F is the faraday constant, A is the electrode area [cm2], D is the diffusion 

coefficient [cm2 s-1] and t is time [s]. This equation can also be transformed to calculate the 

diffusion coefficients: 

𝐷 =
𝐼2𝜋𝑡

(𝑛𝐹𝐴𝑐∞)2      (2.3-14) 

The standard Cottrell equation (2.3.-14) assumes flat electrode with equal current density 

distribution across the surface. Alternatively, other Cottrell equation forms can be created by 

differentiation equations and Laplace’s transform, e.g. for a sphere electrode (e.g. for mercury 
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droplet electrode measurements) [114]. The reason is that diffusion to a flat surface is linear 

and equal for each surface element, while for more complex geometries it depends on the 

shape of the surface [123]. Additionally, the analyte accessibility is unequal in case of uneven 

surfaces resulting in preferential plating zones and current density variations. 

In addition to that, Cottrell equation assumes that the system is semi-infinite, meaning that the 

process ongoing on the surface of the electrode does not have an influence on the bulk of the 

electrolytic cell. This is of course only true for a certain time, limiting the process time to 

which the equation can be applied. Moreover, electrode size needs to be minimal when 

compared to the volume of the solution. This further limits the time of the process as with the 

ongoing electroreduction the surface of the electrode becomes metal-coated, changing both its 

geometry and surface area. 

However, electrochemical measurements can be quite often influenced by side 

effects/reactions, like nucleation and deposition of a metallic phase [125]. In Cyclic 

Voltammetry (CV) there are significant deviations possible caused by the deposits failing to 

form nucleation sites at sweep rates, too high to allow for the process to occur properly, 

causing shifts towards more cathodic values. In chronoamperometry, fractions of the current 

spent on parallel reactions cannot be separated from the collected data, and requires highly 

clean environment to rule out co-deposition of other elements. Similar challenges are present 

in case of chronopotentiometry, as well as other electrochemical methods [125]. Thus, 

diffusion coefficients calculated from the values measured, especially at high temperatures 

and in complex systems, can show significant deviation from the expected values, with the 

process still being directly dependant on the diffusion step. 

Diffusion controlled electrodeposition processes are reported to show dendritic growth of the 

deposited material [114,126,144]. Macroscopic growth of the deposited material can result in 

an increase of the effective electrode surface area in contact with the electrolyte, causing an 

increase in the current flow. However, the effect cannot take place in an elevated temperature 

environment where the melt temperature is higher than the specific metal melting point. It can 

be also avoided by using smaller currents or smoother distribution of the metal ions across the 

solvent, e.g. by emulsification or mixing. The deposited dendritic structures could be evaluated 

using the X-ray transmission analysis [145], enabling correlation with the process parameters 

and offering deeper analysis of the process kinetics. 
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2.3.7.  Solvation in ionic liquids 

Solvation is a process of association of solvent molecules (here: molten salt) by a solute. 

Solvation shells and mechanisms are relatively thoroughly evaluated in water systems; 

however, they differ from the ionic liquid systems, and therefore need to be considered as a 

separate case. In water, solvation layers are usually formed by dipoles of water particles, 

forming a shell around the solvated ion. In molten salts though the solvent is usually 

completely ionic, thus dissimilar to the aqueous models, resulting in different influences and 

reactions [112,114]. 

Solvation mechanisms differ for various ionic liquids, and even some researchers suggest that 

there can be transient complexes present in ionic molten salts, although such an opinion is 

receding [146]. The solvation layers depends on the ionic liquid in use, and it has been reported 

than up to seven solvation sub-layers can be formed for some complex ionic-liquids, with the 

number determined by the composition of the electrolyte [147]. These layers are reported to 

be sensitive to even small amounts of other elements presence in the liquid. It is however 

commonly agreed that the solvation energies (referred to as ∆Gsolv) can influence the activities 

of the ionic species considered, and subsequently the electrochemical reactions involving these 

species and their potentials. 

Born-Haber cycle [112], primarily used to calculate lattice energies  (enthalpy change 

involved in formation of a compound from ionised/atomised species) by applying Hess law is 

one example on how to include the solvation layers’ influence. It considers atomisation, 

ionisation and dissociation energies, and by creation of a closed cycle (therefore the name) 

one can assess the apparent difference in the energies balance, when comparing the standard 

enthalpy of formation of a given compound and the calculated path, as shown in Figure 2.3-

23.  However, according to the Hess law, the energy required to form a compound is same 

regardless of the path taken. Therefore, the apparent energy difference is caused by a certain 

phenomenon, like the solvation of the ions, with its energy equal to the difference calculated. 

However, for such calculations to be possible, extensive thermodynamic databases are 

required and, at the moment of writing this thesis, such were unavailable for the system 

considered. 
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Figure 2.3-23  Born-Haber cycle representation. Adopted from [148]. 

The solvation layers formed by liquid electrolytes, when used in electrochemical cells can 

influence dissolved ions as well as the electrolyte/electrode interface, both strongly dependant 

on the chemical composition of the electrolyte. Therefore it is important not to regard ionic 

liquids as neutral solvents, as they can have a significant influence on the electrodeposition 

processes and ion transport mechanisms [149]. As an example, much higher solvation enthalpy 

of Cu2+ when compared to Cu1+
, results in a one-step reduction reaction to copper metal in 

water system. However, in case of molten salts, different solvation mechanisms could lead to 

a more stable Cu1+ ion, resulting in the ion shuttling between the electrodes. 

Another interesting example has been observed by analysing the LnCl3-(LiCl-KCl) system at 

500 OC in an electrochemical cell [150]. The elements evaluated (Al, Ce, Cy, Gd, Nd and Sm) 

were used at a concentration of 3-5 wt% of their respective metal chlorides. Solvation of 

lanthanides in LiCl-KCl has been evaluated, and it was reported to result in clusters of 

[Ln(KCl)n]
3+ and [Ln(LiCl)n]

3+
, where n varied from 4-9. This subsequently caused shifts in 

the reduction potentials due to the specific stability of the clusters formed in the melt. It is 

predicted that presence of multiple lanthanide components would significantly affect the 

solvated clusters and result in lower stability, subsequently causing shift towards less negative 

reduction potentials.  

In Figure 2.3-24, a CV scan of CeCl3 + LaCl3 system in a eutectic LiCl-KCl melt is shown. It 

is clearly visible that not only additional metals result in the reduction peaks shift, but also the 

anodic peak, corresponding to the chlorine evolution, has shifted when the composition 

changed. This is in line with the solvation influence discussion above and shows that both 

anodic and cathodic reactions can be influenced by this phenomenon and the changes in the 

melt composition [150]. These influences have to be kept in mind, when analysing similar 

systems. 
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Figure 2.3-24 Cyclic Voltammetry scan of the CeCl3 + LaCl3 system in a eutectic melt of LiCl-KCl at 

500 OC. Scan rate of 20 mV s-1 vs Ag/AgCl reference was used. Tungsten was used as the inert 

cathode. Both cathodic and anodic reactions peaks shifts can be observed with the changing feed 

composition [150]. 
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3. Problem approach 

3.1. Objectives 

The aim of this project was to create a completely new system capable of efficient and clean 

electrochemical reduction of metals residing in Li-ion and Ni-MH batteries, based on molten 

salts system. As stated in the literature review, there are valuable metals like lithium, nickel, 

cobalt, manganese, copper and other, which can be found in scrap batteries/electronics, 

commonly called the eWaste. The concept was used to evaluate a process base capable of 

stable, continuous recovery of valuable and rare metals from a variety of sources, with the 

possibility of applying it to wider metal waste recycling streams. Therefore, the system 

considered should be chemically resistant to a variety of potential pollutants, e.g. traces of 

water, solutions, number of organic compounds from the electrolyte and other metals and 

compounds.  

The considered system needs to meet the following requirements: 

 Good resistance to various chemicals, both non- and organic based 

 Good metals/metal oxides solubility 

 Good diffusion coefficient, for efficient migration of ions 

 Chemical stability 

 Electrochemical stability 

 Wide electrochemical window 

 Thermal stability 

 Low vapour pressure 

Also preferably: 

 Low melting temperature 

 Low viscosity 

 Easy to retrieve metal deposits 

In order to meet the requirements, a multi-salt system is needed. Good electrolytes (i.e. 

halides) are usually not stable in open air environment and thus require strict atmosphere 

control, while good metal solubility and thermal stability is a feature of oxides. Since in 

recovery from waste streams pollution resistance is crucial, the process should be capable of 

withstanding an amount of surplus, undesirable compounds. Finally, to create a multi-phase 
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system with separate molten salts, the composition must be chosen as to assure the 

immiscibility of the phases, allowing to retain required properties of the system while not 

hindering the process efficiency by introducing mechanical interface barriers. 

3.2. Process design 

The proposed process would consist of three main steps. Firstly, metal containing waste would 

dissolve in the borate melt, and diffuse towards the liquid-liquid interface created by the oxide-

halide phases. The temperature of the melt (900 OC / 1173 K) is a balance between the melting 

temperature of the melt components and their stability, as well as thermal resistance of the 

vessels and available metal electrodes and the melting temperatures of the metals considered 

for recovery. Secondly, metal ions would transfer through the interface by a chemical reaction 

(2.3-6) [23], as explained in previous section. As the inorganic chemical reactions are known 

to be faster with the increasing temperature, the exchange reaction is expected to occur 

relatively rapidly. 

Lastly, transferred metal ions would diffuse towards the electrodes, where electrodeposition 

would occur on a metallic electrode. The process is shown as a graph in Figure 1.2-1 in section 

1.2, and illustrated in Figure 3.2.1. below. The proposed process could be evaluated in a three-

vessel setup, each vessel corresponding to each of the three main steps, or in a simpler single-

vessel setup, discussed below. 

Figure 3.2-1 Illustrative depiction of the process designed in this work. Using metal oxide pellets as 

the feed, the final products are pure electroplated metal and chlorine gas. The reactions ongoing 

(liquid-liquid interface exchange, electrolysis, etc.) are described in closer detail in text. Colours of 

the melt are only exemplary and will depend on the specific composition and metal feed used. 
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Two potential process set-ups are suggested. In a three-vessel system shown in Figure 3.2-2, 

the batch is fed to the first crucible, where it undergoes melting, dissolution and pyrolysis. 

Borates are resistant to pollutions and water/organic residues, thus working like a buffer 

shielding the chlorides phase in the middle vessel. In the intermediate crucible two salt phases 

are in contact, creating interphase layer through which ionic exchange occurs, transporting 

metal cations. The last vessel is an electrolyser, in which the proper electrolysis process is 

conducted in the chloride melt. The final product is the metal electroplated on the negative 

electrode. 

 

Figure 3.2-3 represents the single-vessel concept of the process vessel. This is a simpler 

construction as due to no liquid flow there is no need for pumping of a high-temperature liquid 

and the leakage risk is significantly reduced. Such a setup would be less costly to create, and 

relatively more easily contained in smaller space. 

Figure 3.2-2 The concept of a three-vessel industrial molten-salt metal recovery apparatus. Each 

vessel corresponds to one of the three steps, respectively: waste dissolution/metal ions extraction, 

liquid-liquid interface transfer, and electrolysis. 
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Regarding the potential up-scale of the process, each assembly design has its benefits. As the 

generated heat of the process would grow with the scale, which is discussed more closely in 

chapter 7, it would reduce the amount of external heat required for the reactor to work [151]. 

Therefore, the single-vessel setup would benefit from the process heat contained within one 

cell, although energy balancing would be required to avoid overheating. However, keeping 

the vessel sealed/argon filled when feeding in the waste source would be highly challenging. 

Simply put, upscale of this concept would result in a more efficient energy-heat balancing, 

however its (semi-)continuous operation would be challenging due to the atmosphere control 

requirements. 

When the three-vessel setup is considered, the aforementioned process heat would need to be 

transferred from the electrolytic cell to the metal dissolution vessel, e.g. by heat pumps. 

However, that vessel cold be open to air as it does not require tight atmosphere control, 

significantly simplifying the feed introduction process, making the (semi-)continuous process 

operation easier to achieve. On the other hand, separate vessel setup would imply pumping of 

Figure 3.2-3 Single-vessel molten-salt metal recovery apparatus concept. Unlike in the 

previous concept, all of the steps occur in one vessel. The division of phases occurs naturally, 

as the salts are immiscible. Waste feed falls to the bottom where it dissolves, metal ions diffuse 

and are transferred to the halide layer at the top and are electroreduced on the electrodes. 
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the salts between the chambers, risking leaks and significantly increasing the initial 

construction cost by introduction of the high temperature molten salt pumps. At the same time 

such a solution could potentially hasten the process by adding convection which would aid the 

otherwise diffusion-limited process, shortening the mass transfer step between the feed and 

the electrodes. 

In summary, each concept offers different benefits and challenges when an upscale is 

considered, and their applicability would depend on the environment/neighbouring facilities 

and the needs of the region. While the lower initial cost and leakage risk of the single-vessel 

setup could be appealing to a smaller attempt at the recovery process, smaller setup can be 

sacrificed for the benefit of easier waste feed access, easier atmosphere control and cleaner 

product. 
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3.3. Hypotheses 

In this work, a metal recovery method is proposed, offering an alternative to the current battery 

recycling systems. For the method to work, a number of requirements have to be fulfilled, 

which is the main topic of this study. The following suppositions of relevance to the process 

studied were formed and evaluated: 

 Molten boron oxide based salts are chemically stable at high temperatures and capable 

of dissolving significant amounts (>5 wt%) of metal oxides representative of the 

rechargeable batteries waste, with the alkali metal oxides modifying the structure of 

the melt possibly enhancing these capabilities  

 

 Molten borate and chloride can show a large miscibility gap due to their different ionic 

structure, allowing for the formation of two stable distinct layers with no need of 

separator enforcing the division. The liquid-liquid interface between the oxide and 

halide phase allows for metal ions transfer based on a chemical reaction (2.3-9) as 

described earlier, resulting in a metal-rich oxide layer capable of feeding the metal ions 

to the halide layer  

 

 The amount of metal ions transferred to the chloride layer through the liquid-liquid 

interface would be sufficient for the electrolysis process, allowing for metal recovery. 

The metal can be therefore recovered by means of electroreduction from the two-phase 

molten salts system by dissolution in borate phase and electrolysis in chloride phase. 

The deposits obtained would be of high purity without boron contamination, proving 

that the liquid-liquid interface transfer can provide metal ions while not enabling the 

chloride and borate phases to mix  

 

 The electrodeposition process is diffusion limited, resulting in a dendritic structure of 

the metals plated. Since the assembly used in this study requires no mixing, the limiting 

current should be correlative to the diffusion coefficient of the specific metal deposited. 

The dendritic deposits would allow for simple mechanical separation from the 

electrode enabling easy retrieval of the metal from the system. 
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4. Methodology and Equipment 

To determine the most viable configuration of the electrolysis cell, salts and process 

parameters, a series of tests has to be conducted. Parameters like metals solubility, mass 

diffusion, limiting current and optimal electrical potential need to be validated, along with 

evaluating the thermodynamics and mechanisms of the processes involved. Due to the novelty 

of this solution, the data present in the literature available at the time of writing this work is 

lacking and many parameters are hard to predict or model, highlighting the need of the 

experimental validation. 

4.1. High-temperature experimentation equipment 

To evaluate the high-temperature thermodynamics of the system, two types of furnaces were 

used. A simple muffle furnace Carbolite® RHF1500 with no atmospheric control, allowing 

for rapid extraction of the sample and cooling by liquid nitrogen quenching if required, and an 

atmosphere-controlled vertical-tube furnace Carbolite® 12/300 GVA. Both of the furnaces 

were fitted with resistive heating elements allowing for the temperature of 1500 (muffle 

furnace) and 1100 (tube furnace) degrees Celsius, controlled by Eurotherm temperature 

control units. 

 To contain the samples, two high-temperature crucibles were mainly used. For smaller scale 

thermodynamic equilibrium testing, small 12 mm diameter platinum-iridium crucibles were 

used (Pt/Ir 97/3 Ögussa). For testing requiring bigger crucibles, 100 ml alumina crucibles 

were used (Coors™). 

4.2. Electrolytic cell set-up 

In order to experimentally evaluate the feasibility of the proposed solution, a test set-up 

resembling the proposed industrial system needed to be constructed. By cause of the 

immiscibility and other properties of the salts described in the Literature review section, a 

single-vessel laboratory configuration is possible. The furnace used for the process was the 

Carbolite® tube furnace. The testing chamber size has been selected based on the possible 

sizes and arrangements of the electrodes used for the process. The sizes of the rest of the 

elements are designed in relation to the crucible and furnace tube sizes.  The tests were 

conducted inside a gas-tight Inconel® tube, with the atmosphere controlled through pipes 

connected at the water-cooled brass top plate. The heavier argon displaces air out of the testing 

chamber, allowing for O2 levels as low as 50 ppm. The electrolysis occurred in an alumina 
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crucible (Coors™, 100ml) with the melt, precisely 35 g of sodium borate (Na2O-2B2O3, 

Sigma-Aldrich®, anhydrous, >98.0 %) and/or 65 g of sodium chloride (NaCl, Sigma-

Aldrich®, Redi-Dri™, anhydrous, >99 %), and metal chloride or metal oxide pellet inserted 

at the bottom, depending on the test conducted. The borate salt was allowed to equilibrate with 

the metal oxide prior to adding the chloride phase, following which it was equilibrated again 

for 1 h directly before the tests. The salts were gravitationally arranged, with the lighter 

chloride salt (1.50 g/cm3)[152] on top of the borate (2.06 g/cm3)[153]. The process is mainly 

diffusion controlled, however natural heat convection can happen which would promote faster 

equilibration. The specific composition depended on the test configuration, shown in Figure 

4.2-1 and 4.2-2 for single- and two-phase electrolytic cell respectively. 

 

Electrodes used in the process were selected depending on their chemical, thermal and 

corrosion resistance, and low thermal expansion essential for high-temperature testing 

[115,117–120]. Plating was performed on a 2 mm tungsten rod used as the working electrode 

(WE), the counter electrode (CE) was a 6 mm graphite cylinder screwed onto a stainless steel 

current collector. As a quasi-reference electrode (QRE) a tungsten rod (2 mm diameter) was 

adopted. The electrode surface area depended on the rod immersion level and was assessed 

after every test. The average value varied around 0.3 cm2. The electrodes were in equidistance 

to the reference electrode with ~1.7 cm between them. The electrodes were cleaned and 

polished with successively finer grades of silicon paper until a mirror-like surface was 

Figure 4.2-1 Single-phase electrolytic cell Figure 4.2-2 Two-phase electrochemical cell 
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obtained before every test. The graphite blocks were treated as one-use consumable to avoid 

cross-contamination. Electrode fittings were machined from MACOR® machinable ceramics 

for the electrical and thermal insulation. 

While parts of the system can work under open air atmosphere, the chamber has been made 

gas tight to allow for gas control. This also enables exhaust gas collection and control. The 

furnace tube is supported by a thermal brick, in order to contain the crucible at the centre of 

the furnace hot zone. The gas leaving the furnace needs to be cooled down before it reaches 

the plastic tubing, for which purpose a copper coil has been connected directly to the top plate 

gas outlet. Finally, a probing hatch allows for the access to probe and/or observe the melt. 

CAD drawings of the custom made assembly elements are shown in the Appendix 1.  Figure 

4.2-3 shows a complete working assembly. 

For the electrochemical measurements, i.e. chronoamperometry, cyclic voltammetry, linear 

sweep voltammetry, the potentiostat used was 10A/VersaSTAT 3 which is a boosted version 

of VersaSTAT 3 by Princeton Applied Research, with the KEPCO power source/booster. The 

range of the apparatus is ±10 amps at ±20 volts in the boosted mode and ±650 mA at ±10 V 

Figure 4.2-3 High temperature electrochemical assembly photography. Visible are the top plate with 

water cooling loop, gas cooling coil and, gas connections and potentiostat wires connected to the 

electrodes 
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maximum in the normal (non-boosted) mode, on a single 3-electrode channel.  The software 

used for the control of the potentiostat was VersaStudio 2.42.3 on a PC connected to the 

channel through a USB wire. 
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4.3. Characterisation techniques 

4.3.1.  Chronoamperometry 

A constant voltage method, where the current is recorded as a function of time is called 

chronoamperometry. Through chronoamperometry, electroreduction processes can be 

evaluated regarding their current stability or electroreduction kinetics [114]. It is also 

commonly used as an industrial scale electroplating/electrolysis method [39], and similarly it 

was used for this project for metal electrodeposition. To ensure the removal of the initial 

surface concentration of the reagent to allow the process kinetics analysis [125], evaluated 

metals were plated at the potential value higher than the peak value obtained with the use of 

Cyclic Voltammetry. 

The tests were conducted using VersaSTAT 3 potentiostat (Princeton Applied Research) with 

10 ampere booster (Kepco) in a three electrode setup, controlled by VersaStudio software. The 

test parameters were selected depending on each sample and the desired effect. 

4.3.2.  Cyclic Voltammetry (CV) 

To observe the electrochemical reduction reaction kinetics, cyclic voltammetry (CV) can be 

applied. CV is a measurement method recording electrode currents as a function of the voltage 

applied to the electrolysis cell. It is commonly used to observe the reaction kinetics, i.e. 

reduction potentials and reversibility. Figure 4.2-1 represents a typical CV profile. The scan 

rate used for the considered investigation was 100 mV s-1 and constant across all tests for the 

repeatability, unless stated otherwise. The analysis of current/voltage curves can provide 

essential information about the process dynamics and step characteristic [154,155]. Exemplary 

literature CV scans are discussed in section 2.3.3.3. The tests were conducted using 

VersaSTAT 3 potentiostat (Princeton Applied Research) with 10 ampere booster (Kepco) 

controlled by VersaStudio software, in a three electrode setup.  

Figure 4.3-1 CV single scan profile – 

the scan is repeated for a defined 

number of cycles 
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4.3.3.  Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) thermal measurements evaluates the difference in 

temperature between the sample and an inert standard reference during a programmed heating 

or cooling regime. Therefore, a difference between the enthalpy-temperature relation of a 

sample and the standard reference is observed. As a result, the enthalpy variation can be 

observed during the heating/cooling process, providing information about a possible physical 

and chemical reactions occurring in the sample [156]. 

The DSC apparatus used was DSC-TGA Simultaneous Thermal Analyser NETZSCH STA 449 

F3 Jupiter with a silicon-carbide furnace with the maximum working temperature of 1650 OC. 

The stage was calibrated against melting points of known pure metals. The DSC was used to 

obtain information on the phase changes in the evaluated glass forming salts. 

4.3.4.  Inductively Coupled Plasma (ICP) Optical Emission 

Spectroscopy (OES) 

Metals can be analysed qualitatively and quantitatively using the Inductively Coupled Plasma 

Optical Emission Spectroscopy (ICP-OES). It uses a radio-frequency induced argon plasma, 

which vaporises the injected liquid sample and energises it through collisional excitation at 

high temperature. Excited atoms emit radiation at specific wavelengths, which intensity 

depends on the concentration of each element. This allows for rapid and precise identification 

and quantification of the elements present in the sample [157]. The analysis for this project 

was outsourced to an external company Exeter Analytical (UK) Ltd, Warwick Analytical 

Services division. 

4.3.5.  Scanning Electron Microscope (FEG-SEM) with X-ray 

Energy Dispersive Spectroscopy (X-EDS) 

Samples were analysed using FEG-SEM (Carl Zeiss Gemini®) with X-ray Energy Dispersive 

Spectroscopy (X-EDS, Oxford Instruments®) and Electron Backscatter Diffraction (EBSD). 

This analysis was used to assess the chemical composition, metals distribution and 

concentration across the sample. X-EDS can determine the presence and quantity of chemical 

element by detecting X-rays emitted from atoms, specific for each element. X-rays are released 

when a beam of accelerated electrons hit the atoms present in the sample undergoing 

evaluation. Measured energy of the X-rays emitted enables chemical identification. X-EDS is 

a quasi-quantitative analysis, allowing for proportional analysis; however, facing difficulties 
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in the detection of light atoms, like boron. Backscatter electron image mapping included within 

the same analytical apparatus allows for uniformity confirmation of the elements distribution 

across the sample, which indicates whether the samples analysed were at the compositional 

equilibrium state with the metals concentration uniform throughout the bulk matter [145]. 

Parameters of the FEG-SEM X-EDS during the analysis were as follows, unless stated 

otherwise: EHT 20 kV, aperture 60 µm, high current enabled, carbon coating. 

4.3.6.  X-ray Computed Tomography (X-CT) 

A non-destructive post-mortem evaluation of the recovered metal deposits in 3D was done 

using X-ray Computed Tomography (X-CT). In this method, emitted X-rays travel through 

the sample and are either attenuated or pass through. Grey-scale image is produced by a 

detector on the other side of the sample, collecting the passing X-rays. Darker regions 

correspond to the denser areas of the sample. Images were taken through 360 degrees that 

were then reconstructed using filtered back projection to produce a 3D volume of the sample 

for evaluation [158,159]. The CT system used in this project was the Zeiss Versa 520 with the 

parameters selected to provide the optimum image and magnification for each test conducted. 

The detector used was a Charge-Coupled Device (CCD) consisting of a 2000 x 2000 pixel 

array.  

4.3.7.  X-ray Diffraction (XRD) 

To determine the crystal structure of the materials, and thus the chemical compounds 

constituting the sample, X-ray diffraction analysis was used. The X-ray beam scans the sample 

at a range of angles, counting when constructive interference of the diffracted beams occur. 

This happens depending on the crystal lattice parameters, which allows for phases 

identification thanks to the Bragg’s Law, which defines the relation between the two. 

Interference peaks are then registered against the beam angles for identification of the phases 

present in the evaluated sample [145]. The COD database (Crystallography Open Database) 

was used for phases identification. 

The instrument used was PANalytical Empyrean X-ray Diffractometer with a cobalt source. 

The scan was evaluated on a spinning stage with the parameters as follows, unless stated 

otherwise: Scan range 8-100 °2Th, step size 0.013 °2Th, scan step time 2000 s, cobalt X-ray 

source.  
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4.3.8.  X-ray Photoelectron Spectroscopy (XPS) 

X-Ray Photoelectron Spectroscopy (Axis Ultra DLD, Kratos®) was used to cross-confirm the 

metal solubility in evaluated samples. XPS works by analysing the electrons ejected from the 

electron shell of an atom, as a result of X-ray photon absorption. The binding energies of the 

electrons to the atoms have characteristic, fingerprint values allowing for identification of each 

chemical element. As in X-EDS method, XPS allows for elements quantification by 

comparing detection peaks intensity, directly related to chemical concentration [145]. 
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5. Experimental section 

5.1. Molten salts thermodynamics 

5.1.1. Borate salts melt preparation and optimisation 

As previously described, the salt system selected as a suitable one for this project has not been 

closely evaluated. The most significant gaps in knowledge are located around the borate salts, 

and subsequently two-phase system, which forces the author to focus on them primarily. The 

basic thermodynamics of borate melt behaviour and alkali metal additions influence needs to 

be evaluated accordingly, before the electrochemical testing could be commenced. 

As was described in section 2.3.2. borate salts can show significant wetting phenomena, which 

can lead to loss of sample mass/creeping out. This has been reported by other researchers for 

borate-rich salts and described as challenging to study [91,160],  The behaviour of the sample 

(boron oxide B2O3, Alfa-Aesar, 99%) during heating and melting caused surprisingly high loss 

of mass, with the melt pouring out of the test vessel. This issue had to be resolved in order to 

be able to create a usable set-up, which will not lose the test sample. The case of the spillage 

was evaluated and the optimised heating regime was established in order to enable testing with 

the borate-rich salts considered in this study.  

Test procedure 

The following “fast” and “slow” heat treatments, Figure 5.1-1 and 5.1-2 respectively, were 

repeated in a range of crucibles: carbon (glassy carbon crucible, Sigradur® G series), alumina 

(cylindrical alumina crucible, Fisher Scientific International®) and platinum (Ögussa). 
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Analysing the observed sample mass loss phenomena, a number of mechanisms of the sample 

escape has been proposed, driven by physical or thermodynamic processes: 

 Capillary wetting (due to the alumina crucible porous wall surface) 

 Reaction driven wetting (reacting with the active sites on the graphite crucible walls) 

 Moisture boiling out of the sample (possibility removed by using anhydrous salt) 

 Foaming (due to gas trapped in the powder during sample packing and glass transition) 

For the better understanding of the salt-escaping mechanism, a visual of the process has been 

recorded. To enable the observation, a set-up consisting of a brass top-plate with a see-through 

hole, a mirror and a heat-resistant goose-neck camera was used, as shown in Figure 5.1-3. 

Figure 5.1-1 Fast heating 

regime testing diagram 

Figure 5.1-2 Slow heating 

regime testing diagram 

Figure 5.1-3 Salt behaviour 

visual observation setup 
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Additionally, differential scanning calorimetry (DSC-TGA, Simultaneous Thermal Analyser 

NETZSCH STA 449 F3 Jupiter) was used to correlate the observable changes with 

thermochemical processes, i.e. phase transformations.  Results of the testing conducted are 

discussed in the Chapter 6. 

5.1.2. Metal oxides solubility in borates and the borate-chloride 

system evaluation 

The solubility of specific metal oxides (Co3O4, Cu2O, CuO, NiO and Mn2O3) in molten alkali 

borates (B2O3, Na2O-2B2O3 and K2O-2B2O3) has been evaluated at a temperature of 900 OC 

under atmospheric conditions. The concentration and distribution of the dissolved metal ions 

were determined using X-EDS and XPS elemental analysis, as well as backscatter electron 

image mapping. 

 Samples preparation 

Metal oxide pellets were formed from metal oxide powders [NiO (99,8 %, <50 nm particle 

size), Co3O4 (99,5 %, <50 nm particle size), CuO (98 % <425 µm particle size), Mn2O3 (99 

%, <44 µm particle size) from Sigma-Aldrich® by compressing for 1 minute under 1 tonne of 

pressure in a 13 mm diameter die. After pressing the pellets were sintered (NiO preform was 

sintered in 800 OC for 5 h, Co3O4 in 900 OC for 5 h, Mn2O3 in 900 OC for 17 h and CuO in 

1050 OC for 4 h) each metal oxide on a separate alumina boat in order to avoid cross-

contamination. Metal oxides stability was evaluated prior to the testing with the use of the 

FactSage™ thermodynamic suite (Reaction module) [24], and further supported by literature 

research [161–163], as described in the Literature review section. The starting metal oxides 

structure was confirmed using XRD (PANalytical Empyrean X-Ray diffractometer). The 

sintered pellets were furnace-cooled to room temperature to avoid cracking due to thermal 

shock. Cu2O (>99 % as confirmed by XRD analysis) pieces were obtained by oxidizing copper 

rod (5 mm) in 900 OC in air. Sintering times and temperature were selected based on each 

material thermal properties to obtain hard pellet without decomposing the material. The pellets 

were shaped to fit the test crucibles using high-speed precision saw with high-density diamond 

blades. 
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Solubility test procedure 

Platinum crucibles were used (Ögussa®, Pt/Ir 3 % mini crucible), filled with either B2O3 (Alfa 

Aesar®, 99 %), B4Na2O7 (Sigma-Aldrich®, ≥99.5 %) or B4K2O7 (Sigma-Aldrich®, ≥99.5 %) 

depending on the test conducted. The metal oxide quantity in the crucible was based on the 

solubility prediction made with FactSage™[24] thermodynamic suite [FactSage™ 6.4, 

FToxid database was used], using the Phase Diagram module of the software. This step is 

more closely explained in section 2.3.2.2. However, as the database is lacking experimental 

data regarding borate salts, as was mentioned in the literature review, the simulations were not 

fully reliable. Hence, the values presented by the model were increased in order to ensure that 

enough material was present for the dissolution process. Crucibles with the test samples were 

placed in thermal brick holders manually shaped for added stability and placed in a muffle 

furnace. The test procedure is represented in the Figure 5.1-4. 

Figure 5.1-4 Test 

procedure flowchart 
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To avoid the borate salt foaming and loss of the sample, specific thermal cycle needed to be 

introduced, as borate-rich salts have been reported as likely to show loss of mass due to the 

sample escaping the test vessel [160]. This has been overcome by the author by introducing a 

slow heating regime with a dwell step, as described in the previous section. The heating 

procedure used for these experiments is shown in Figure 5.1-5. Samples were preheated to 480 

OC at 2 OC/min, kept for constant temperature for 60 minutes to allow sample de-gassing, and 

finally heated to the desired testing temperature of 900 OC or 1050 OC at 3OC/min, depending 

on the test. 

 

Samples were kept at constant temperature of 900 OC or 1050 OC for at least 145 hours to 

reach the equilibrium. Afterwards, the samples were quenched in liquid nitrogen to instantly 

stop the process and avoid metal precipitation. No atmosphere control was enforced as the 

crucibles were open in air, similarly to other studies [23]. 

The quenched samples were analysed using FEG-SEM (Carl Zeiss Gemini®) with X-ray 

Energy Dispersive Spectroscopy (X-EDS, Oxford Instruments®) and Electron Backscatter 

Diffraction (EBSD). This allowed to assess the metal distribution uniformity and 

concentration. Backscatter electron image mapping was used to confirm the uniformity of the 

metal distribution in the sample, indicating the sample thermodynamic equilibrium state at the 

time of quenching. This results in uniform metal concentration throughout the glass sample, 

and allows for obtaining representative results by evaluating any fragment of the glass. X-Ray 

Photoelectron Spectroscopy (Axis Ultra DLD, Kratos®) has been used to cross-confirm the 

increased solubility in the Na2O doped samples when compared to pure B2O3 solvent case. 

X-EDS has been used by other researchers for quantitative analysis and reported in literature 

[164–167]. When the electron beam hits the sample, a pear-shaped interaction volume is 

Figure 5.1-5 Temperature profile of the experiment 
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formed, with its depth varying from nanometres to microns, depending on the material used 

and the acceleration voltage applied [168]. The X-rays analysed with the EDS detector come 

from the lower part of that pear-shaped volume, therefore providing bulk-analysis rather than 

the surface composition. The interaction depth can also be calculated, e.g. using the Monte 

Carlo simulations [169]. Material evaluated in this work is highly polymeric [51] and the 

selected acceleration voltage of 20 kV relatively high [145], therefore the penetration depth is 

expected to be relatively high. 

As the samples are sensitive to water, a thin film of hydroxide can be formed on the layer 

when exposed to moisture, therefore extreme care should be taken when such transporting the 

samples, preferably directly after the samples preparation. Samples in this work were polished 

using oil-based solutions and covered in oil to be cleaned only prior to analysis. 

Metal ions distribution evaluation in the two-phase system 

To evaluate the metal partition between the borate and the chloride phase, the following test 

was conducted. The test was similar to the previous experiment, with the following 

differences; the salt selected for the highest metal solubility during the previous experiment, 

B4Na2O7, was pre-melted with a metal oxide pellet (NiO, Co3O4, CuO or Mn2O3) and left to 

equilibrate. After quenching, the crucible was topped with NaCl and the procedure was 

repeated. Figure 5.1-6 represents the experiment flowchart. 

The samples obtained were analysed using FEG-SEM X-EDS as previously described, and 

also an X-ray Diffraction apparatus. As the interface between the two immiscible salt phases 

remains clearly defined after the solidification, it was possible to easily separate the oxide 

layer from the chloride one. Unlike the glassy borate salt, the chloride layer was highly 

crystalline, which allowed for an X-ray Diffraction analysis. The instrument used the 

PANalytical Empyrean X-ray Diffractometer. The scans were conducted on a spinner stage in 

a range of 8-100 2θ angles, using cobalt X-ray source. The database used for phases 

identification was Crystallography Open Database (COD). Results of these experiments are 

discussed in the following chapter 6. 
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Figure 5.1-6 Two-phase system metal partition test flowchart 
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5.2. Electrochemical measurements 

5.2.1. Metal recovery by electrodeposition from a two-phase 

molten salt cell 

The electrochemical recovery method of Co, Cu, Mn and Ni from a two-phase electrolytic cell 

was characterised through voltammetry and chronoamperometry. The two immiscible phases 

in the electrolytic cell were molten NaCl and Na2O-2B2O3 at 1173 K. The metal feedstock 

used for the recovery was either metal chlorides or metal oxides of Co, Cu, Mn or Ni. Metals 

were recovered successfully in the form of plated metal deposits, and the formal potentials of 

the redox reaction were obtained. Thermodynamic process differences between the cells were 

analysed. The purity of the metal deposits was evaluated. 

The objective of this particular section was to assess whether the two-phase sodium borate-

sodium chloride system is capable of providing the metal ions from the oxide phase while 

preserving the desired electrochemical attributes of the chloride layer, i.e. electrochemical 

stability, and to compare the system with a single-phase cell containing molten sodium 

chloride. The two-phase cell system would enable the recovery of high purity metals by 

electrodeposition from the sodium chloride molten salt, while at the same time benefiting from 

the sodium borate phase allowing for various metal sources use as the process feed. 

 Test procedure 

The basics of the experimental set-up are explained in section 4 of this work. Two-phase 

electrolytic cell set-up was used. Metal oxides were used as the feed, present in their most 

stable form [24,162] at the experimental temperature of 900 OC: NiO (99,8 %), Co3O4 (99,5 

%), CuO (98 %) and Mn2O3 (99 %) from Sigma-Aldrich®. All the metals were tested 

separately. 

Alternatively, to enable comparison to a single-phase chloride-only electrolysis cell was used. 

The chlorides used were as follows, selected for their stability in the test environment: NiCl2 

(>99.0 %), CoCl2 (>99.0 %), CuCl2 (>99.0 %) or MnCl2 (>99.0 %) from Sigma-Aldrich®. 

As metal chlorides were used instead of metal oxides, there was no liquid-liquid oxide-

chloride interface present.  

  



87 

 

 Electroplating 

After filling the test chamber with argon, the assembly was dried at elevated temperature for 

24 hours prior to melting. The experimental temperature of 900 OC was achieved at a rate of 

10 OC min-1, and at least 1 hour was given for equilibration at constant temperature. After 

melting the mix was cleaned with a CV sweep between 0 – 1V at 100 mV s-1, after using which 

the background curve presented in section 6.3. was obtained as well, validating the cleanliness 

of the system. Due to the constraints of the assembly, the reagents have to be present from the 

beginning of the test, limiting the amount of possible pre-processing. Background current 

achieved, as is explained in section 6.3, was around the level of 5 mA. 

Cyclic voltammetry was applied in order observe the electrochemical redox reaction 

thermodynamics. The CV scan rate applied was 100 mV s-1, which is a balanced choice 

commonly used in molten salts electrochemistry [125,128], as was mentioned in section 2.3.3. 

At higher sweep rates the nucleation step starts to have higher influence on the process as 

observed by Hills et al. [129], while at lower scan rates the current passing through the 

electrode become significant which may result in changed morphology of the electrode, e.g. 

formation of significant dendrites. A slower, 10 mV sweep rate scan was also evaluated. The 

current vs voltage curves provide essential information on the process dynamics and steps 

characteristics [154,155]. The obtained electrolysis potential values were compared against 

thermodynamic values to enable deeper analysis of the system evaluated. Metal was then 

deposited potentiostatically at the reduction potential value higher by around 200 mV than the 

peak value observed using the CV analysis, in order to remove the initial surface concentration 

of the reagent. While this is a common practice [125], one has to be aware that applying 

significant overpotentials can further perpetuate the diffusion-control of the process, as 

described in section 2.3.3.3. 

Post-mortem analysis 

After the electrodeposition the electrodes were lifted and cooled under argon atmosphere, to 

limit re-oxidation. The metal deposits were analysed using FEG-SEM (Carl Zeiss Gemini®) 

with X-ray Energy Dispersive Spectroscopy (X-EDS, Oxford Instruments®). This allowed 

for both chemical identification [145] and optical analysis of the samples. 
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5.2.2. Mechanistic analysis of electrodeposition from the molten 

salt cell 

This metal electro-recovery process limiting step and the deposited metals structures were 

analysed. The diffusion is expected to be the slowest step of the process, as explained in section 

2.3.5.  This results in a dendritic deposition of the metals, which influences the electrode 

surface area. 

The following experimentation analyses the increasing electrode surface area and the electric 

current changes in case of copper and silver electrodeposition. Copper is expected to grow 

dendritically on the electrode in the current system [51,125,126], while silver is plated as a 

molten phase, removing the rapid surface growth effect. The surface area change will be 

quantified using the X-ray Computed Tomography (X-CT), Cottrell equation and Stokes-

Einstein diffusion model, which allows for correlation analysis with the electric current change 

observed during the chronoamperometric plating process. 

Test procedure 

The experimentation was carried out in a vertical tube furnace with controlled atmosphere, as 

described in the Methodology and Equipment section, using the single-phase electrolytic cell 

setup. Alumina crucibles were filled with the sample consisting of the sodium chloride and 

the relevant metal chloride in its most stable form, respectively CuCl1 (>99.0 %) and AgCl 

(99.999%) from Sigma-Aldrich®. All the metal chlorides were evaluated separately, at similar 

concentrations of ~0.11 M for the comparativeness of tests. 

For the needs of this specific testing, planar flat-disc electrodes were made for the 

simplification of the diffusion analysis, and for the compliance with the assumptions of the 

Cottrell equation. The small surface flat-disc electrodes were produced manually using 2 mm 

tungsten rods and alumina paste (Ceramabond™ 569). The flat tip of the electrode was 

cleaned and polished before each test until a mirror-like surface was obtained. The resulting 

flat-disc electrodes had the working surface area of a 2 mm diameter circle ~ 0.0314 cm2. 

Metals were plated potentiostatically, at the temperature of 900 OC and 1000 OC for copper 

and silver case respectively. This way copper was deposited as a solid, while silver created a 

layer of liquid metal.  The electrodes were under constant electric potential of the evaluated 

metal peak reduction potentials, obtained as explained in the previous section, plus around 200 

mV to remove the initial surface concentration effect. 
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The method of electroplating at a potential value higher than the peak reduction potential has 

been used by other researchers [125], in order to eliminate the surface concentration effect and 

potential kinetic effects present before the peak reduction potential. However, it has to be 

mentioned that such a significant overpotential can further perpetuate diffusion effects, such 

as dendritic growth, and cannot be done in case of multiple metals present in the melt as could 

result in co-deposition. 

Diffusion values calculations 

Diffusion coefficients were obtained using the Stokes-Einstein equation [170]. This diffusion 

model assumes a diffusion of a sphere as a simplified description of a metal ion, and derives 

from the Fick’s first law of diffusion. With the above assumption, the following equation 4.4-

1 can be obtained for spherical particles moving in a medium made of proportionally small 

molecules, e.g. high-temperature molten salts. The Stokes-Einstein Law for Diffusion in 

Solution is a specific case of the Einstein-Smoluchowski relation[171], which is accurately 

describing the system defined above, and is relevant to our case of metal ions in molten sodium 

chloride. 

𝐷 =
𝑘𝑇

6𝜋𝜂𝑟
     (4.4-1) 

where: 𝜂 – dynamic viscosity [𝑃𝑎 𝑠], k – Boltzmann’s constant [
𝑚2 𝑘𝑔

𝑠2 𝐾
], r – particle radius 

[𝑚] and T – temperature [𝐾]. 

The thermodynamic values required for the calculations were taken from the literature 

[172,173]. With the aforementioned assumptions, the following parameters were used for the 

calculations: 𝜂 = 0.871*10-3 [𝑃𝑎 𝑠], k = 1.3807*10-23 [
𝑚2 𝑘𝑔

𝑠2 𝐾
], r = 7.3*10-11 [m], T = 1173 [K], 

D = 1.35*10-4  [cm2 s-1]. The resulting value was: 𝑫 = 𝟏. 𝟑𝟓 ∗ 𝟏𝟎−𝟒 [𝒄𝒎𝟐𝒔−𝟏] 

The obtained values are comparable to the diffusion coefficients reported in the literature for 

similar metals in the same medium [142]. The experimental diffusion coefficient values for 

other transition metals vary around 10-5 and 10-4 [cm2 s-1] in molten halides. This confirms that 

the evaluated system complies with the Stokes-Einstein diffusion model assumptions. The 

obtained diffusion coefficient values were used as input for the Cottrell equation, as will be 

explained in the following section, which allowed for the comparison of the experimental and 

theoretical electrode surface area increase. 
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Cottrell equation 

Cottrell equation (4.4-2) has been reportedly used for the evaluation of the diffusion behaviour 

in molten electrolytes, in conjunction with chronoamperometry [124,125,143]. 

𝐼 =
𝑛𝐹𝐴𝑐∞√𝐷

√𝜋𝑡
     (4.4-2) 

where: I – current [A], 𝑐∞ – analyte bulk concentration [mol cm-3], n – amount of electrons 

exchanged, F – Faraday constant [C mol-1], A – electrode area [cm2], D – diffusion 

coefficient [cm2 s-1] and t – time [s]. 

Equation (4.4-2) can be used to calculate the surface of the electrode if the diffusion 

coefficient is known, as shown by equation (4.4-3). 

𝐴 =
𝐼√𝜋𝑡

𝑛𝐹𝑐∞√𝐷
     (4.4-3) 

It needs to be noted that electrochemical measurements can be influenced by the side reaction 

and other effects, such as the nucleation phenomena and deposition of a metallic phase [125]. 

In case of too high sweep-rate cyclic voltammetry, significant deviations can be caused by the 

deposits failing to create nucleation sites, which would result in a peak reduction potential 

shifts towards more cathodic values. In chronoamperometric methods, parallel reactions 

cannot be separated from the collected electric current data, which requires a highly clean 

testing environment to avoid co-deposition of other elements. Other electroanalytical method 

show similar challenges [125]. Thus, experimental values can show some deviation especially 

in case of high-temperature complex systems. However, the system considered is relatively 

simple chemically and still directly dependant on the diffusion, allowing for the required 

correlation analysis. 

Post-mortem analysis 

After the electrodeposition, the electrode rods were lifted and argon cooled. Formed deposits 

were retrieved from the electrodes mechanically and analysed using FEG-SEM (Carl Zeiss 

Gemini®) with X-ray Energy Dispersive Spectroscopy (X-EDS, Oxford Instruments®) to 

identify the elements electroplated. X-EDS allows for both chemical identification and 

quantification, based on the energy of the X-rays emitted and the observed peaks intensity 

[145]. 
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Non-destructive observation of the dendritic metal deposits was available using the X-ray 

Computed Tomography (X-CT). Images were taken through 360 degrees and reconstructed 

using filtered back projections, resulting in a 3D volume representation of the sample 

[158,159]. The X-CT system used was Zeiss Versa 520 with the parameters shown in Table 

4.4-1. The selected parameters provided the optimum image and maximum magnification 

while keeping the sample within the field of view. CCD detector consisting of 2000 x 200 

pixels in conjunction with a 0.4x optic allowed for a 5.3 micron voxel size while analysing the 

deposited metallic dendrites. The 3D volume models obtained were used to evaluate the 

dendritic deposits structure, and to calculate the surface/volume ratio. This allowed for further 

calculations, i.e. correlation of the theoretical electrode surface increase over time with the 

observed electric current increase. 

 

Table 5.2-1 X-CT scan parameters 

Voltage (kV) 140 

Current (µA) 72 

Source/sample distance (mm) 22 

Sample/detector distance (mm) 120 

Exposure (s) 1.0 

Voxel size (µm) 5.3 
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6. Results and Discussion 

The following results sections are reflecting the layout of the experimental section, that is – it 

follows the steps of the metal recovery process studied. From the molten borates behaviour 

and metal oxides dissolution, through the analysis of the electroreduction process 

thermodynamics to the evaluation of the deposited material.  The latter half of this chapter 

examines the thermodynamics of the melt, while the latter discusses the electrochemistry of 

the process and the deposits produced. The limiting parameters of each step were identified, 

some optimisation was introduced and potential engineering solutions were suggested. The 

subsequent chapter 7 considers the costs of the process and attempts a simplified feasibility 

study. 

6.1. Borate salts pre-melt optimisation 

In this subsection, the stability of borate salts at elevated temperatures is considered. The 

thermostability of the system is essential for the process studied, although the borate salts were 

reported to pose certain difficulties in containing within a test vessel and a mass loss was 

observed by other researchers [160]. A proper heating procedure needs to be established to 

avoid the mass loss of the bulk salt. 

The specific heating regimes were evaluated and the resulting sample behaviours were 

analysed. The fast-heating regime was found to cause the loss of the salt (B2O3 as well as 

Na2O-2B2O3) resulting in the salt misplaced from the crucible to the surrounding thermal brick 

forms. Similar result was observed for all the crucible materials evaluated. A slow heating 

regime was evaluated using the same crucibles range, resulting in zero mass loss of the salt 

during the pre-heating stage, for each of the materials considered. When compared with the 

fast heating regime, the temperature increase step time is significantly longer extending the 

process time; however, the uncontrolled test sample loss is averted and the salt is retained 

within the test cell. 
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During the visual observation of the pre-heating process, it has been found that the salt is 

foaming out at around 480 OC. When the foaming was noticed, the furnace was rapidly 

lowered to allow for air-quench of the sample. The resulting sample in the foaming state can 

be seen in Figure 6.1-1. 

 

 

This correlates with the DSC measurement showing a significant endothermic shift at that 

temperature, which is ascribed to the glass transition process [174]. It is known that the glass 

transition temperature can depend on the temperature change rate, although weakly, thus the 

testing was commenced with the constant rate of 10 K/min, as is commonly used. The obtained 

DSC curve is shown in Figure 6.1-2. 

 

 

 

 

Figure 6.1-1 Alumina crucible with borate salt foaming out. The picture was taken 

after the sample started foaming out (around 480 OC) by rapidly lowering the 

furnace and exposing the sample. 
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It has been established that the sample foaming phenomena was the main reason for the sample 

mass loss, and in order to enable work with the borate salts the foaming has to be avoided. It 

can be achieved by introducing the slow heating regime with the dwell step at around 480 OC, 

which allows for the sample outgassing during the glass transition/early melting stage. In 

consequence, the temperature increase step of the process takes longer time; however, it is 

essential for the optimal use of the borate salt for high temperature processing.  

The thermostability of the salt was confirmed, and the mass loss reported by other researchers 

was successfully prevented. The established temperature increase profile was used for the 

subsequent experimentation, as described in section 5.1.2. 

 

Figure 6.1-2 DSC curve of the sodium borate salt. Phase transition step is clearly visible in 

the middle of the scan. Heating rate of 10 K/min was used 
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6.2. Metal oxides solubility in selected molten borate and borate-

chloride systems 

The following subsection evaluates the hypothesis of high metal oxide solubility in borate 

salts, and the influence the alkali metal oxides have on the metal affinity of the borate phase. 

The metal ions could then transfer to the halide phase through the liquid-liquid interface, 

resulting in a concentration dictated by the partition coefficients specific to the system studied.  

The metal ions concentration in the melt is important for the process studied, in order for the 

electro-recovery studied in the subsequent section to be feasible. 

During the tests conducted, the oxygen fugacity was not enforced but set by ambient 

conditions in the crucibles open to atmospheric air by design. With the exception of Cu2O, all 

of the used metal oxides were stable at the experimental temperature in atmospheric 

conditions. When heated up in air Cu2O will eventually turn to the most stable copper oxide, 

CuO. This resulted in an interesting relation, where the metal oxide solubility was greater in 

case of less stable oxide used as the feed for the dissolution process. For all other metals, the 

starting oxides and associated metal valences (Cu2+, Mn3+, Ni2+, Co2+/3+) remained stable 

during the complete thermal cycle of the test. 

Solubility in boron oxide 

The dissolved metal quantity resulting in the metal oxide dissolution in B2O3 at 900 OC is 

presented in Table 10. It can be seen that the solubility in pure B2O3 is negligible. X-EDS line-

scan (Figure 6.2-1) shows the metal content drop instantly after crossing the interface between 

the metal oxide pellet and B2O3 glass. Additionally, colouration of the sample varied 

depending on the metal dissolved in the glass, as listed in the Table 6.2-1. 
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Table 6.2-1 Metal oxides solubility in B2O3 at 900 OC as measured by X-EDS 

Metal Oxide Formula Metal Species Concentration (wt%) Colouration 

   

Co3O4 0.2 Pink 

Cu2O 0.6 Turquoise 

CuO 0.3 Turquoise 

Mn2O3 0.4 Colourless 

NiO 0.5 Green 

 

 

 

 

Figure 6.2-1 Secondary electron image (SE2) and X-EDS line-scan line scan showing 

nickel element distribution. Metal pellet is on the left side showing high nickel 

concentration, while the adjacent glass sample shows negligible nickel content suggesting 

a lack of dissolution. 

 



97 

 

Negligible diffusion of the metal into the borate phase, as indicated in Figure 6.2-1, could be 

ascribed to the solubility gap often present in similar systems, such as B2O3-FeOx [175]. 

Solubility gap is a phenomenon possible when the mixture composition is located in the two-

phase region of the phase diagram, resulting in high- and low-concentration zones forming an 

immiscible interface, as there is no stable homogenous mixture at the given composition [176]. 

If such is the case, there would be a layer of high concentration mixture surrounding the metal 

oxide pellet, while the bulk concentration would remain low despite long equilibration times 

in the experiments. Potentially, in such case forced convection could increase the metal 

concentration in the bulk material. However, no high-concentration layer usually present in 

such case was found around the pellets nor in any other regions, except for Mn2O3. Figure 6.2-

2 suggests existence of a high- metal concentration film on the interface between the borate 

phase and metal oxide pellet, which could be an effect of the aforementioned solubility gap. 

As the samples were held at constant temperature for significant number of hours, the 

equilibration time eliminates the possibility of kinetics limiting the achieved metal dissolution. 

This means that the dissolved metal amount is limited thermodynamically. 

Solubility in sodium borate 

Sodium oxide presence in the sample (Na2O-2B2O3) was found to have a significant impact 

on the metal oxides solubility, as shown in Figure 6.2-3 representing comparison of B2O3 and 

Na2O-B2O3 solvent cases. There is a substantial increase in the solubility, from eight times to 

more than seventy times for NiO and Co3O4 respectively. The reason behind this observation 

Figure 6.2-2 SEM Secondary electron (SE2) image and the corresponding 

X-EDS map of manganese distribution on the salt-pellet interface. Possible 

interface can be seen between the glass and pellet regions, with broken-off 

pieces of metal oxide pellet mixed in it. 
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lies within the previously described borate anomaly in section 2.3.2. Alkali oxide additive 

changes the structure of the highly-polymeric borate glass, which subsequently changes it 

properties, additionally creating more negative-exchange sites (section 2.3.2.1). As a result, 

much stronger metal ion affinity is featured. This allows for much higher metal ions 

concentration achieved in the melt, which is highly beneficial for the process developed in this 

work. The uniformity of the metal distribution in the glass phase is shown in Figure 6.2-4, 

confirming that the system has reached thermodynamic equilibrium and uniform metal 

distribution throughout the oxide phase during the testing. 

Interestingly, it was observed that feeding less stable copper oxide Cu2O resulted in higher 

metal concentration in the glass after dissolution. CuO is the thermodynamically stable oxide 

at the experimental conditions, to which Cu2O should oxidise at the elevated temperature, 

however the process has been reported to be slow [161]. This allows for the presence of the 

Cu2O pellet in the melt for the beginning of the dissolution process, remaining in this form for 

a period of time. Considering Cu+ cation dissolved in the slag, it is required for the Cu+ ion to 

be transported in the melt for oxidation to be completed, before the final equilibrium is 

Figure 6.2-3 Metal oxide solubilities in pure B2O3 and sodium oxide doped Na2O-B2O3 at 

900 °C. The results were obtained using X-EDS after equilibrating the system for 145 

hours at the experimental temperature and subsequent liquid nitrogen quenching. The 

numbers shown represent relevant metal species/element amount in each sample. Standard 

deviation of these measurements is within σ=0.1. 
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reached. If this process is slow and the Cu+ ion presents higher solubility than Cu2+, this could 

explain the current results of higher solubility after feeding Cu2O into the melt as the copper 

metal oxide. 

To understand the greater solubility of the Cu2O over CuO, we need to assume a solution 

model. Temkin [72,73] described a model in which molten salts are assumed to be completely 

ionised, which rules out the Ionic Strength influence (difference in the overall ions 

concentration in the solution), which would directly influence the different salts solubility, as 

it does for water-based solutions. As we stay below the Upper Critical Solution Temperature 

(temperature above which the components of a mixture are miscible in all proportions) in our 

experiments [72], the limiting factor for the solubility is the positive enthalpy of mixing, which 

stays positive up to the UCS Temperature. The existing Temkin and Forland models could be 

theoretically used for calculation of the thermodynamics of mixing, potentially explaining the 

difference between the two copper oxides; however, these two models assume the chemical 

species present in the melt to behave as pure components, ignoring their oxidation states [72]. 

Additionally, ideal models assume random initial distribution of atoms and the enthalpy of 

mixing equal zero, rendering the calculations based on the aforementioned models highly 

inaccurate in our case. Quasi-chemical solution models created by Guggenheim address this 

issue [56,177,178], as they consider both non-zero enthalpy of mixing and non-random 

distribution of atoms. Such model could potentially be built for the system being evaluated, 

Figure 6.2-4 Backscatter electron image of the Na2O-B2O3 sample with 

Cu2O dissolved, after equilibration and quenching. Uniformity of the grey 

area confirms the even metal distribution as no higher-concentration areas 

can be seen. 
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and help describe the thermodynamic behaviour of the two copper oxides, explaining the 

difference. 

However, it remains speculative and further investigation would be required in order to 

properly explain the dissolution solubility difference between Cu2O and CuO. Experimental 

identification of the oxidation state of the Cu dissolved in the sample would be required, which 

is non-trivial. 

Other evaluated influences on solubility 

It was evaluated whether a higher temperature would significantly improve the metal oxide 

solubility with the use of Mn2O3 in the B2O3 melt at 1050 OC. It was observed that the 

temperature increase of 150 OC caused a negligible change in the solubility, suggesting that 

the slope of the phase diagram is very steep in this region. Further examination is suggested 

to gain a better understanding of the thermodynamics of metal oxides dissolution in borate 

salts, and fill the experimental data gaps in the related phase diagrams. 

K2O was another alkali metal oxide experimented with as a dopant for the molten salt solvent. 

K2O-2B2O3 was evaluated using Mn2O3 as the metal oxide feed to compare the solubility, 

following the same experimental procedures. It was found that K2O shows little impact on the 

considered metal oxides dissolution, resulting in a negligible change in the solubility values. 

The exact reason for the difference between the Na2O and K2O influence on the B2O3 as the 

solvent remains unknown; however it can be related to the way each alkali metal oxide 

modifies the borate melt’s polymeric network [59]. Further testing under different conditions 

and with other metal oxides would have to be done in order to develop greater understanding 

and a more complete picture of the phase formation and metal (oxides) solubility in molten 

borate salts. 

Metals distribution in the borate-chloride system 

As described in section 2.3.4, while the borate and chloride phases are immiscible at the 

considered composition [59], dissolved metal ions are distributed between the two phases 

depending on the ion and the salt composition. The resulting system has a clearly defined 

interface with two differently coloured phases, as shown in Figure 6.2-5. The metal 

concentrations were evaluated as described in section 5.2.1, and the values achieved in the 

chloride layer were as follows: Cu 3 wt%, Co 0.7 wt%, Mn 0.4 wt%, and Ni 0.1 wt%. The 

distribution between the two phases has been evaluated and is presented in Figure 6.2-6. 
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Figure 6.2-6 Distribution of the metal species in the two-phase system (Na2O-2B2O3 + NaCl) after 

equilibration at the elevated temperature of 900 OC. Numbers on the bars represent the weight 

percent of the metal in the given phase. The x-axis shows the contribution each phase had in relation 

to the overall amount of the metal dissolved. 

As was previously described in the Literature review, the amount of metal ions present in the 

halide layer can be significantly lower than in the oxide layer, which is further enhanced by 

the high number of the negative exchange sites present in the sodium borate phase. This is due 

to the specific composition of the mix containing alkali metal oxide Na2O, which modifies the 

Figure 6.2-5 Sodium borate – sodium chloride sample with dissolved copper oxide. The borate 

(lower) and chloride (upper) phases are clearly defined, supporting the immiscibility theory. 

Different colours also suggest different metal compounds present in each phase. 
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structure of the highly polymeric molten borate, increasing its affinity towards metal ions. This 

causes the partition coefficient bias towards the borate layer, which results in a limited metal 

concentration in the chloride phase. However, as the interface exchange mechanism is based 

on the chemical reaction (2.3-9) described in section 2.3.4. at the elevated temperature of the 

process it is not expected to be the limiting step of the process, which is usually the diffusion 

in case of molten salt processes [51]. 

Copper sample shows an exceptionally high concentration in the halide layer, when compared 

to the other metals. This behaviour can be ascribed to the copper oxychlorides formation, 

which is a phenomenon previously reported for molten salts containing copper chloride [51]. 

Oxychlorides were detected in the post-processed samples using the X-ray Diffraction 

analysis, and identified as 𝐶𝑢4𝑂4𝐶𝑙4. The specific oxychloride formed can originate from a 

different precursor, precisely copper oxide instead of copper chloride, the particular 

composition of the melt and the chemical reaction occurring at the liquid-liquid molten salts 

interface. However, the mechanism of the oxychlorides formation from the metal oxide is not 

explainable by the assumed liquid-liquid interface transfer reaction at the time of writing this 

work. 

As the borate phase is expected to supply the metal ions for the evaluated metal recovery 

process, its high metal solubility is essential for the system considered. In case of a diffusion 

limited process, an assumption which is evaluated later in this work, the relatively low amount 

metal ions in the chloride layer will be constantly re-supplied by the lower borate phase 

through the liquid-liquid interface by a chemical reaction, allowing for the continuity of the 

process considered. 

The hypothesis of significant metal oxide solubility in borate salts stated at the beginning of 

this section was confirmed; however, it does not apply to all of the salt combinations. It was 

concluded that the sodium borate system offers the highest limiting solubility. Metals 

distribution between the two molten phases is unfavourable towards the chloride layer, due to 

the high metal affinity of the modified structure of the borate resulting in a high number of 

negative exchange sites. However, the borate phase working as a buffer feeding the metal ions 

into the chloride phase should allow for the metal extraction process to occur, as is evaluated 

in the following section.  
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6.3. Electrolytic metal recovery from the two-phase molten salt 

cell 

For the studied method to work, the system needs to provide a sufficient amount of metal ions 

through the liquid-liquid interface for the electrolysis, while keeping the phases separate to 

avoid boron contamination and de-stabilisation of the phases structure. The following 

subsection evaluates the feasibility and thermodynamics of the metal electrodeposition from 

the two-phase molten salts system and the purity of the metals recovered. 

Electrolysis occurring in the top chloride layer of the electrochemical cell can be described by 

the following reactions (6.3-1) to (6.3-3): 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒:   𝑀𝑒(𝑙)
𝑥+ + 𝑥𝑒− = 𝑀𝑒(𝑠)     (6.3-1) 

𝐴𝑛𝑜𝑑𝑒:   𝑥𝐶𝑙(𝑙)
− =

𝑥

2
𝐶𝑙2(𝑔) ↑  + 𝑥𝑒−     (6.3-2) 

Cell: 𝑀𝑒𝐶𝑙𝑥 = 𝑀𝑒(𝑠) +
𝑥

2
𝐶𝑙2(𝑔) ↑    (6.3-3) 

The reactions above describe the complete process occurring in the single-phase setup. The 

processes happening in the two-phase cell would also include, in addition to the electrolysis 

reactions, dissolution of the metal oxides in the borate phase, mass transport to the liquid-

liquid interface, transfer across the interface and diffusion in the chloride layer towards the 

metal electrode. The metal oxides solubility was evaluated by the author previously, as 

described in section 6.2, and it was concluded that the highest metal solubility was achieved 

by using Na2O doped borate salt, resulting in a 6-23% dissolved metal concentration in the 

sodium borate. This analysis focuses on the electrolytic cell as a whole, and the comparison 

of the single- and two-phase molten salt systems. 

Electrochemical cell background analysis 

A background scan curve was obtained by scanning the pure two-salt system (NaCl + Na2O-

2B2O3), with the following electrode setup: WE: tungsten, CE: graphite, QRE: tungsten, at 

900 OC. As is shown in the CV scan Figure 6.3-3, there is a flat plateaou corresponding to the 

stability region of the salt system. The stability window spans between ~ 1.5 V to 0.5 V, which 

allows for the recovery of the metal evaluated, as is described in a later part of this section. As 

the background is free of peaks there is no interference with the electrochemical 

measurements. Background current of ~5 mA can be observed observed as presented on the 
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enhanced insert. Additional pre-electrolysis at -1 V for 2 hours had negligible influence, 

therefore validating the assumed method of purification, as described in section 5.2.1. 

Another important feature of the background curve is the onset of the anodic reaction - chlorine 

evolution. Since a quasi-reference electrode is used, repeatable reference reaction point could 

offer an additional validation mechanism/reference point. However, as the gas evolution leads 

to dynamic bubbles formation, the onset of the reaction varies slightly depending on what is 

agreed as the inflection point. The presented graph is uniquely free of perturbances in the gas 

evolution region, and still the onset values can be assumed as 0.2, 0.5 or 0.75 V. Additionally, 

overly-positive potentials could lead to the cathode dissolution, metal plating on the counter-

electrode and gas bubbles stuck to the surface of the working electrode, changing its 

characteristic. Finally, each metal features different overpotential for gas evolution reaction, 

resulting in the measurements varying with the reduced metal present on the working 

electrode. Therefore, such method might be useful, although it is not free of challenges and 

potential variations. 

 

  

 

Figure 6.3-1 Electrochemical stability window of the studied molten salt cell (NaCl + Na2O-2B2O3) 

at 900 OC. Sweep rate 100 mV/s. WE: tungsten, CE: graphite, QRE: tungsten. 
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Electrochemical analysis 

The cyclic voltammetry profiles are presented in Figure 6.3-4 and 6.3-5 for the single- and 

two-phase cells respectively. It needs to be noted that due to the chlorine evolution reaction 

(6.3-2) readily happening at the positive potentials, the electric current values observed can be 

altered by the process when scanning in that range. The formal redox reaction potential values 

are listed in Table 6.3-1 and 6.3-2. The experimentally obtained potential values were 

compared against the thermodynamic values of the metal chloride electrolysis, resulting in a 

correlation described further in this section. This allowed for deeper analysis of the system 

evaluated. 

All of the considered metals were plated and their cyclic voltammetry profiles plotted, 

obtaining data on the redox reactions happening at the working electrode. The metal deposits 

retrieved are shown in Figure 6.3-1, the corresponding chronoamperometric profiles are 

shown in Figure 6.3-2. The metal electroreduction peaks are within the electrochemical 

stability window of the used salt [-1.5 V to +0.5 V vs tungsten Ref], as shown in 

Figure 6.3-3. This allows for the considered metals recovery without breaking the bulk salt. 

Re-oxidation peaks are also visible on the CV scans, confirming the reversibility of the 

electroplating process in the evaluated system, and enabling the formal potentials analysis. 

The flat plateau preceding the peaks is attributed to the kinetic barrier of the reaction, while 

the peak tailing represents the diffusion controlled area of the CV scan [114]. Additionally, 

care should be taken to analyse the early/first scan of the Cyclic Voltammetry measurement, 

as potentially highly-dendritic growth can compromise subsequent readings by changing the 

electrode geometry and process kinetics, shifting the apparent reduction peaks. Dendritic 

growth is evaluated in the next section of this thesis. 
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The chronoamperometric profiles obtained during long-term constant-potential 

electrodeposition (Figure 6.3-2) show definite increase in current over time, a phenomenon 

that will be discussed more closely in the next section. The possible explanations of this 

behaviour originate from the electrode growth, resulting in an increased electrode surface, 

more complex geometry, variations in current density and lower kinetic barriers due to the 

modified electrode geometry. It also underlines that any measurements influenced by the 

electrode surface should be taken early in the process as to avoid incorrect readings. Due to 

the electrode surface varying with the level of the rods immersion, current density could not 

be reliably calculated. Finally, because of the complex and fragile dendritic deposits, the 

current readings are noisy possibly influenced by the dendrites breaking off dynamically 

changing the electrode surface. 

Analysis of the plated material and its correlation to the charge passed through the electrode 

would be beneficial. However, due to the form in which the metal is retrieved – heavily 

dendritic form encapsulated in a solidified salt, conventional methods are challenging. 

Brunauer–Emmett–Teller (BET) [179] method that estimates the surface of material on a basis 

of adsorption of gas molecules cannot be used, due to the fragile metallic dendrites being 

surrounded by the solidified mass. X-ray computed tomography [145] is capable of 

Figure 6.3-2 Plated metal deposits of cobalt, manganese, nickel and copper. Plating potentials: 

Co: -500 mV, Cu: -450 mV, Mn: -950 mV, Ni: -300 mV at 900 OC. WE: tungsten, CE: graphite, 

QRE: tungsten. Plating time varied depending on the current increase rate. Relevant SEM 

pictures of the deposits are analysed in a further section of this work. 

Mn 

Cu 

Ni Co 
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differentiating between the salt and the metal offering some analysis capability, although 

tungsten, used here as the electrode, attenuates the rays to the point of invalidating the 

measurements. Nevertheless, such analysis has been conducted on copper after long-time 

plating and successful recovery of a properly preserved piece of the deposit form the electrode. 

The attempt is described and analysed in section 6.4 of this thesis. 

 

Figure 6.3-3 Chronoamperometric plots of the selected metals electrodeposition. Plating potentials: 

Co: -500 mV, Cu: -450 mV, Mn: -950 mV, Ni: -300 mV at 900 OC. WE: tungsten, CE: graphite, QRE: 

tungsten. As the electrode surface depends on the depth of the electrode submersion and the 

electrode surface changes with time, absolute current is presented rather than current density. 

Single-phase cell analysis 

Table 6.3-1 contains the experimental data for the single-phase cell system, shown against the 

calculated thermodynamic values of the metal chloride electrolysis, described by the reaction 

6.3-4 at the test temperature of 900 OC. The CV plots representing the collected data are shown 

in Figure 6.3-4. The thermodynamic electrolysis potentials were calculated using the Gibbs 

free energy and cell potential relation equations (6.3-4) and (6.3-5): 
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∆𝐺 = −𝑅𝑇𝑙𝑛𝐾 = −𝑛𝐹𝐸     (6.3-4) 

𝐸 =
−∆𝐺

𝑛𝐹
      (6.3-5) 

where: ∆𝐺 is the Gibbs free energy change, 𝐸 is the calculated potential, F is the Faraday 

constant, and n is the number of electrons taking part in the redox reaction. The remaining 

symbols have their usual thermodynamic meaning. 

The reactants concentration was set at 1 wt% across all tests, resulting in the following: 

0.121 M Co, 0.116 M Cu, 0.1249 M Mn, 0.1213 M Ni (accounted for using the Nernst 

equation). The calculated metal chloride electrolysis potential values are relevant with 

reference to the chlorine evolution reaction occurring at the positive electrode, as described by 

the reactions (6.3-1) to (6.3-3). 

Table 6.3-1 Experimental and calculated thermodynamic electrolysis potential values in sodium 

chloride melt, in a single-phase cell with the metal chloride feed 

NaCl + MexCly 

Single-phase (NaCl) cell Co Cu Mn Ni 

     

Formal redox potential [V] 

(vs. W ref) 
0.0501 -0.182 -0.651 0.094 

Thermodynamic potential [V] 

(vs. Cl2 evolution) 
-0.949 

-0.418 

-1.075 (Cu+) 
-1.860 -0.737 

A similar tendency in the metals electroplating potentials was observed by Gaur et al. [108], 

meaning the reduction potentials of the evaluated metals grew in the same order.  However, 

the molten chlorides system evaluated in his work was considerably different. As described in 

section 2.3.3.1, a number of overpotentials can be expected in the evaluated system. This 

includes the activation overpotential (Eact), related to the activation energy necessary for the 

electron transfer between the electrode and the electrolyte, resistance overpotential (EΩ) which 

includes the electrode capacitance and the junction overpotential, specific to each cell design, 

and the concentration overpotential (Econc) which is related to the diffusion and the reactant 

depletion at the electrode surface. For this reason, the formal redox reaction potentials were 

analysed. 

Interestingly, the recorded copper reduction potential is more negative than that of cobalt, 

contradictory to the thermodynamic values of CuCl2 and CoCl2 electrolysis (shown in Table 
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6.3-1).  This is visible in Table 6.3-1 and Figure 6.3-3. The observed phenomena could be 

explained by the presence of high overpotential of copper electrodeposition on the tungsten 

electrode, caused by the specific electrode material and its structure [51,115,125]. 

Alternatively,  copper(II) chloride can react according to the following reaction (6.3-6) as a 

mild oxidant, especially at the elevated temperature under the reducing argon atmosphere 

[162]. 

𝐶𝑢𝐶𝑙2 = 𝐶𝑢𝐶𝑙 + 0.5𝐶𝑙2    (6.3-6) 

The resulting Cu1+ ions would explain the higher electroreduction potential observed. The 

thermodynamic value of CuCl electrolysis equals -1.075 V for the experimental parameters 

used. If we assume the CuCl electrolysis, the thermodynamic values adhere to the trend 

observed in the experimental results. This assumption was evaluated experimentally by 

measuring the copper(I) chloride CV profile, which closely resembled that of the previous 

tests. Supported by the thermodynamic and experimental evaluation, it was determined that 

the copper(I) chloride electrolysis was observed. 

The use of the formal potentials of the redox reactions for the analysis limits the influence of 

the aforementioned overpotentials; therefore, the thermodynamic-experimental potential 

difference can be ascribed to the W reference electrode potential and the anodic reaction (6.3-

2). Theoretically, as the reference electrode represents a stable potential point, chlorine 

evolution should always be at the same potential difference vs reference, resulting in the metal 

reduction potential being the only variable in the system. However, as discussed in section 

2.3.7, that might not be the case, as molten salts are not a completely neutral solvent. As the 

solvation layers formed in the electrolyte change with the composition of the melt, they are 

reported to have an influence on the redox reaction potentials of both cathodic and anodic 

processes [149,150]. This requires special consideration in order to be able to analyse the 

system. 

As described earlier in this section, observing chlorine evolution onset would offer some 

solution, although due to its shortcomings it has not been selected as the method of choice. In 

an attempt to numerically describe the system and include both the anodic and cathodic shifts 

due to the electrolyte and metal feed influence, the thermodynamic full cell potential has been 

compared to the experimentally measured metal formal reduction potentials. The relation was 

found to be linear, and could be described with the following empirical equation (6.3-7). This 
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allowed for the calibration of the system evaluated using the thermodynamic metal chloride 

electrolysis potentials and the experimentally measured metal redox reaction (6.3-1). 

𝐸 = 𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ∙ 1.410 − 0.912   (6.3-7) 

where: 𝐸 is the thermodynamic electrolysis potential [V] and 𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the observed 

formal redox reaction potential [V]. 

Useful observations can be made when analysing the plating and stripping peaks, and the 

respective charge passed through the working electrode. Although the process is practically 

reversible (as explained in section 2.3.3.3) as the metal plated can be re-oxidised, the metal 

oxidation peaks, also called stripping peaks [114], are much higher than the corresponding 

reduction/plating peaks. Identical behaviour has been observed by other researchers as well 

[104,125]. This is due to the reagent being readily available at the surface of the electrode, as 

previously discussed, which removes the mass transfer limitation from the process. By 

integrating the surface of the peaks, the amount of charge passed during cathodic and anodic 

processes can be calculated. The results are shown in table 6.3-2.  

  

Figure 6.3-4 Cyclic Voltammetry profiles of the metal chlorides electroreduction from the single-

phase (NaCl) cell at 900 OC vs tungsten electrode.. Scan rate of 0.1 V/ was used. WE: tungsten, CE: 

graphite, QRE: tungsten. Axis lines with (0,0) cross-point were added for easier interpretation. 
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Table 6.3-2 Plating and stripping charges comparison. Each metal was plated separately from its 

respective chloride at 900 OC using cyclic voltammetry sweep at 100 mV s-1. WE: tungsten, CE: 

graphite, QRE: tungsten. Corresponding CV profiles are shown in Figure 6.2-4. 

 Co Cu Mn Ni 

 

Plating [mC] 934.2 958.4 598.7 622.3 

Stripping [mC] 423.8 766.7 350.5 400.9 

 

The results show that the amount of charge passed during plating is usually twice as much, 

which is reasonable considering that metal has to be plated first in order to be available for 

oxidation. The disparity between the oxidation/reduction charges can originate from the pace 

of the process – if left for longer, all the metal would eventually oxidise increasing the amount 

of the passed stripping charge. However, due to the side-processes such as back-dissolution 

lowering the reducing current efficiency, shuttling between the electrodes possible in case of 

multi-valent ions and the background current identified earlier in this section, the stripping 

charge would always be lower than the required plating charge. This also negatively influences 

the apparent reversibility of the process by increasing the disparity between the anodic and 

cathodic charge [114]. 

A slower scan rate of 10 mV was also evaluated and found not fitting, as was suggested in 

section 5.3. As can be seen in figure 6.3-5, the reduction peak is more stretched, less 

pronounced, as the reaction happens less suddenly, the metal ions activity is lower at the onset 

of the reaction, although the reagent is more slowly consumed creating the diffusion layer over 

a longer time. This results in longer tailing, as well as more significant modification of the 

electrode surface during a single scan. This in turn results in noisier readings making the 

analysis more challenging. This behaviour is expected to be opposite in case of faster sweep 

rates, resulting in higher peak current and overall sharper peak shapes. 
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Figure 6.3-5 Cu electrodeposition Cyclic Voltammetry scan at a scan rate of 10 mV s-1. WE: tungsten, 

CE: graphite, QRE: tungsten. Mixture of 1 wt% CuCl2 in NaCl was used at the temperature of 900 OC. 

Two-phase cell analysis: 

The two-phase cell setup (Na2O-2B2O3 + NaCl) was analysed under the same parameters. 

Metals were added in the form of oxides (Co3O4, CuO, Mn2O3 and NiO) in the borate phase 

at the bottom of the crucible, as shown in the Figure 4.3-1. The proposed exchange mechanism 

describing the metal ions transfer from borate to the chloride phase through the liquid-liquid 

interface has been analysed in section 2.3.4, and was represented by the reaction (2.3-6) in the 

same section. 

The phases were clearly divided by the liquid-liquid interface, as the mix composition was 

within the immiscibility area of the phase diagram, and could be easily separated after the 

testing. The reported mutual solubility of the evaluated phases is very low [59,139], and was 

confirmed to be negligible using the Inductively Coupled Plasma – Optical Emission 

Spectrometry (ICP-OES). A piece of metal deposit was recovered from the electrode with the 

solidified sodium chloride droplet trapped within the dendritic structure, and analysed with 

the ICP-OES for the boron presence. The amount found was approximately 40 ppm, which 

would be of little effect on the process evaluated, confirming the immiscibility of the molten 

phases. 

The achieved metal concentration values in the chloride phase were analysed using the X-EDS 

apparatus as described in the previous section. The values measured were as follows: Cu 3 

wt% (σ-0.2), Co 0.7 wt% (σ-0.1), Mn 0.4 wt% (σ-0.1) and Ni 0.1 wt% (σ-0.1). The copper 
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concentration was significantly higher, which in conjunction with the electron component 

superimposition effect (reported as caused by the copper chloride salts presence [111]) 

resulted in an ion-electron conductivity mechanism, changing the characteristics of the mix. 

To avoid the soft-shortening phenomenon and to obtain clear reduction characteristics, the 

copper concentration was limited to 0.5 wt% in the chloride layer. 

Both single- and two-phase cell cases were evaluated in an identical electrolysis cell setup to 

remove the possibility of influence from different cell setup. To analyse the process 

differences, the metals evaluated are analysed case by case. Table 6.3-3 contains the 

experimental formal redox reaction potentials, adjusted using equation (6.3-8) to represent the 

metal chloride decomposition values and enable comparison with the Table 6.3-1 values of 

the single-phase cell setup. 

Table 6.3-3 Two-phase cell setup electrolysis experimental potential values. 

The setup consisted of a two-phase Na2O-2B2O3 + NaCl mix at 900 OC with the metal oxides as the 

feed, WE: tungsten, CE: graphite, QRE: tungsten. The revised electrolysis potentials were calculated 

using equation (6.3-7) to represent metal chloride electrolysis values (therefore vs Cl2 evolution). 

NaCl + Na2O-2B2O3 + MexOy 

Two-phase cell Co Cu Mn Ni 

     

Formal redox potential [V] 

(vs. W ref) 

0.127 -0.273 
-0.454 -0.583 

-0.663 -1.037 

     

Revised formal potential [V] 

(vs. Cl2 evolution) 

-0.733 -1.297 
-1.552 -1.734 

-1.848 -2.375 

     

Two- vs single-phase 

cell difference [V] 

0.216 -0.222 
0.308 -0.997 

-0.899 -1.300 

The difference between the single- and two-phase cell formal redox reaction potentials can be 

ascribed to the lower metal cation concentration influencing the thermodynamic values, but 

also different cation availability and diffusion from the borate phase, and through the liquid-

liquid interface. In some cases, there could be also chemistry change observed, as will be 

discussed separately in each case. The influences can be grouped as follows: 
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 Metal ion availability difference 

 Mass transfer in the borate phase and through the liquid-liquid interface 

 Different metal ion state in the chloride phase 

As was already mentioned, each metal will be analysed separately. Nickel presents the 

simplest case, as it is stable at +2 oxidation state as a chloride and oxide at the experimental 

temperature, and the obtained electroreduction profiles are similar. Additionally, as discussed 

in section 2.3.5, Littlewood diagram for nickel suggests a one-step reaction from Ni2+ cation 

to Ni metal, which is in agreement with the observations for both single- and two-phase cells. 

Nonetheless, the potential shift observed is significant. However, it needs to be noted that the 

nickel concentration of around 0.1% implies a relatively large margin of error, and as the 

nickel oxide shows a very limited solubility in sodium borate, as evaluated earlier in the 

experimental section, the low ion concentration can be assumed to have a significant impact 

on the electrochemical potential. Additionally, as the reagent can be rapidly depleted from the 

chloride layer due to its low concentration, the reaction might rely heavily on the borate layer 

providing the metal ion, adding the diffusion through borate phase and liquid-liquid interface 

transfer steps to the metal supply for electrolysis. There is no difference in the metal ion state, 

so the electrochemical reaction should stay identical in both single- and two-phase cell cases. 

Therefore, the more negative formal redox reaction potential is mostly caused by the 

significantly lower metal ion availability, diffusion through the borate layer and the liquid-

liquid interface transfer. 

As the Mn2O3 is the most stable metal oxide at 900 OC, manganese is present as a different ion 

in the borate melt. Therefore, a less-negative formal redox potential was observed during the 

electrolysis. As a result, the electroreduction potential shift towards the more positive values 

was measured despite the lower concentration of the metal in the melt. This enables the 

possibility of manganese reduction from +3 ion in the chloride layer, when supplied as Mn2O3 

into the borate. The reaction appears to happen as a one-step three-electron process resulting 

in a single reduction and oxidation peak, limiting the possibility of the efficiency-adverse 

shuttling between the electrodes. However, as no thermodynamic data was available on the 

Gibbs free energy of formation of MnCl3 at the time of writing, the thermodynamic values 

comparison is impossible. Similarly, as there was a different ion present in the single- and 

two-phase cell cases, the observation of other influences is challenging. Nevertheless, while 

the concentration is lower than in the single-phase cell, it is still higher than in the Ni case, 
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which implies that the difference has smaller impact. An analogous electrochemical reaction 

is expected to occur at the electrode, as the electrolysis profiles for single- and two-phase cells 

are very much alike. The potential shift places the electroreduction peak closer to the Ni 

reduction value, making these two metals potentially more difficult to separate if both were 

present in the melt. However, such issues can be resolved by implementing optimal 

engineering solutions, e.g. alloying mechanisms or by using high-overpotential electrodes. 

Uncommon behaviour can be observed in case of copper electroreduction from the two-phase 

cell. Two separate peaks appear on the CV profile, one relatively close to the original reduction 

potential, with the second peak shifted significantly into the more negative potential values. 

This observation can be ascribed to either a transient presence of the Cu2+ ions in the upper 

melt phase after the transition from the borate layer, or alternatively to the copper oxychlorides 

formation, as mentioned in the section 2.3.4. The oxychlorides presence changes the 

voltammetry profile, and two separate electroreduction reactions can be observed. In case of 

other metals, no oxychlorides were detected, which is in concurrence with their cyclic 

voltammetry profiles. Alternative explanation of the peak splitting includes a possible two-

step reaction in the form of Cu2+ ↔ Cu1+ ↔ Cu. This way the more negative potential peak 

would correspond to the second part of the reduction reaction. Presence of the Cu1+ ions, 

however unstable [162], could also result in shuttling between the electrodes with the copper 

ion as the charge carrier following the first part of the redox reaction chain Cu2+ ↔ Cu1+, 

which would result in a significantly lower process efficiency. 

Cobalt is stable at a different oxidation level in oxide than in chloride at the experimental 

temperature of 900 OC, similarly to manganese. It forms a spinel compound with +2 and +3 

oxidation states, Co3O4, also written as CoO-Co2O3 or CoIICoIII
2O4. The presence of cobalt at 

two oxidation states in the melt is reflected in the CV profile, which shows two separate peaks. 

The +3 cobalt ion, present only in the two-phase cell setup, would show a different 

thermodynamic reduction potential 𝐸0; however, due to the lack of thermodynamic data on 

the CoCl3 compound it is impossible to calculate the considered chloride decomposition 

potential value. As the +2 cation reduction potential is most likely to be in the more negative 

range as it is more difficult to reduce than the +3 cation, we can observe a shift towards the 

more negative values for the Co2+ reduction potential when compared to the single-phase cell 

setup. This can be also partially caused by the lower metal ion concentration in the melt, as 

the overall measured cobalt concentration in the chloride layer was 0.186 M; however, it has 

to be divided between the two ions at different oxidation states. This results in 0.062 M of 
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Co2+ and 0.124 M of Co3+ present in the sample. Moreover, as both of the oxidation states are 

stable in the system evaluated [162], shuttling reaction similar to the one suggested in case of 

copper could occur. The mechanism would be Cu3+ ↔ Cu2+ on the cathode and anode 

respectively, resulting in lower current efficiency and less metal recovered. Such effects could 

be reduced by introducing a semi-porous membrane between the electrodes to limit direct 

diffusion between them, however it could also result in the adverse effect of limiting the 

diffusion of the species towards the cathode, lowering the reduction rate and increasing the 

cell’s internal resistance. 

Similarly to the single-phase cell case, the reduction peaks show bigger surface (most visible 

in case of nickel), than the corresponding re-oxidation areas, while the stripping peaks are 

more prominent. This is due to the same reason of the reagent being readily available on the 

surface of the electrode, although the plating current efficiency lowering phenomena, e.g. 

back-dissolution, result in more charge passed for plating. Additionally, other background and 

parasitic reactions can effectively reduce the amount of charge used for the metal deposition 

process, such as shuttling in case of multi-valent ions [114], and the background current 

previously identified. Finally, metal that is not present at the electrode simply cannot be 

electrochemically oxidised, therefore such disparity will always be present. 

Figure 6.3-6 Cyclic voltammetry profiles of the electrolysis from the two phase (Na2O – 2B2O3 + 

NaCl) cell setup at 900 OC. Scan rate is 0.1 V/s was used. WE: tungsten, CE: graphite, QRE: 

tungsten. Axis lines with (0,0) cross-point were added for easier interpretation. 
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Regarding the observable current, there is a general pattern of the peak current being lower in 

the two-phase cell, as can be expected due to the significantly lower metal ions concentration 

in the melt. Additionally, the process can now be dependent on the slower diffusion from the 

borate layer, which is a highly polymeric and more viscous liquid than the fully ionised halide 

salt, which would further reduce the maximum current obtained.  However, current density 

could not be calculated due to the varying electrode sizes dependant on the immersion levels 

in the melt. 

To summarise the single- and two-phase electrolytic cell setups, the metal concentration 

changes in all cases and, apart from nickel, different ions are present, resulting in different  𝐸0. 

Diffusion in the borate layer and the liquid-liquid interface transfer add to the concentration 

effect. Both cobalt and manganese are present in the single- and two-phase melts at different 

oxidation states due to their specific metal oxides thermodynamic stability at 900 OC. This 

results in different Gibbs free energies and 𝐸0, and creates an interesting opportunity of 

reducing metal ions from a different oxidation state than usually possible in the chloride melts. 

Finally, copper presents unique behaviour due to the oxychlorides formation, forming an 

additional compound when transferred through the liquid-liquid interface to the chloride layer. 

Alternatively, for the metal species present in the melt at more than one oxidation state, some 

ion shuttling between the electrodes is possible due to the metals forming multi-valent ions, 

possible charge carriers between the anode and the cathode. Such possibility is most 

pronounced by two redox peaks pairs present on the CV curves, as in copper and cobalt case. 

This effect could effectively lower the process efficiency if present. 

As the electrochemical system used featured a tungsten quasi-reference, and due to the 

solvation layers variations, with the changing electrolyte composition (different metal oxides) 

both cathodic and anodic potentials shifted. Such a behaviour has been observed by other 

researchers as well [150]. Therefore, a correlation with calculated full-cell electrolysis 

potentials has been numerically solved, enabling the comparison of the single- and two-phase 

cell setups. All of the evaluated metals were deposited successfully by means of electrolysis 

from the two-phase molten-salt system, proving the concept of this novel alternative metal 

recovery process for a range of metals in their various oxidation states. 
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Recovered material analysis 

Metals for analysis were plated potentiostatically at the following plating potentials: Co: -500 

mV, Cu: -450 mV, Mn: -950 mV, Ni: -300 mV at 900 OC, as described earlier in this section. 

The purity of the plated metal deposits was approximated using the FEG-SEM X-EDS 

technique. As the deposited dendrites were of a microscopic size, this method allowed for both 

structural analysis and chemical identification. It was confirmed using the ICP-OES analysis 

that the metal sample contained negligible amounts of boron, thus the chemical elements 

considered were within the detection capabilities of X-EDS at the reported concentrations. The 

plated metals purity was confirmed to be as follows: 98% for Cu, 99% for Co, 99% for Mn 

and 99% for Ni. 

FEG-SEM pictures confirm the complex deposits structure, as shown in Figure 6.3-7 

presenting cross-sections of the recovered metal deposits. Metal fragments seemingly 

separated from each other suggest a more complex structure in the plane perpendicular to the 

scanned surface, with the chloride salt trapped in between the metal dendrites. Such a structure 

is common in case of diffusion-controlled processes, which correlates with other researchers’ 

observations reported in this field [125,126,180]. This phenomenon is analysed more closely 

in a later part of this work. 

As the metal deposits recovery process from the melt is complex and inefficient in the current 

assembly form, it was impossible to reliably recover all of the metal plated. Dendritic form of 

the deposits made it difficult to retrieve the material without breaking from the electrode. The 

dendrites could also break during the process and sink to the bottom of the crucible, where 

they could also undergo back-dissolution into the borate phase. Therefore, Faradaic efficiency 

is not reported, until an alternative and more reliable deposited material recovery method is 

designed and applied. Such an analysis would be beneficial for further development of the 

process and would enable the process efficiency evaluation and optimisation. 

The initial hypothesis on the feasibility of the system for the recovery of metal from the two-

phase molten salt system has been confirmed with the successful metal recovery. Purity of the 

metals was assessed and the boron contamination was concluded negligible, proving the stable 

separation of the phases during the process and metal ions transfer through the liquid-liquid 

interface. The structure of the metal deposits is analysed in greater detail in the following 

section, which focuses on the chronoamperometric profile of the electrodeposition process. 
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Figure 6.3-7 Scanning electron microscope image of the metal deposits. Acceleration 

voltage of 20 kV was used, aperture of 30 microns, Secondary Electron (SE) detector 

was used to take the pictures. Samples were polished and carbon coated before the 

analysis. 
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6.4. Chronoamperometric electrodeposition process analysis 

The structure of the metal deposits is expected to be dendritic, as a result of the process being 

diffusion limited. The observed electric current behaviour should correlate to the diffusion 

parameters and the electrode surface area change caused by the dendritic growth. Dendritic 

deposits are easy to retrieve from the electrode by mechanical separation, which would be of 

benefit in case of automation or a semi-continuous process setup. 

Chronoamperometric profiles were recorded as shown in Figure 6.4-1. The high current at the 

beginning of the process can be ascribed to the high initial reactants concentration on the 

surface of the cathode, which rapidly decreases as the diffusion layer is being formed. The 

electrochemical reactions occurring at the electrodes are identical to the previously described 

reactions (6.3-1) to (6.3-3). 

As can be seen in Figure 6.4-1, both copper and silver start at similar current value, however 

silver remains at a stable value after forming the diffusion layer, while copper sample shows 

a significant electric current increase over time. With the assumption of no relevant side 

reactions happening at the electrodes, the observed electric current increase can be originating 

from shuttling of the reduced metal particles between the electrodes, electrode surface area 

increase caused by metal deposition, or reduction of the high energetic barrier for copper to 

plate on tungsten as copper layer forms on the electrode. For comparison, silver was plated at 

an elevated temperature of 1000 OC. At this temperature silver remains liquid after deposition, 

forming metal droplets on the surface of the electrode instead of dendrites, minimising the 

surface to volume ratio variation. The potential surface increase would be related to the radius 

of the droplets formed rather than the significantly larger surface area of dendritic deposits. 

Figure 6.4-1 shows that the electric current increase is negligible in case of molten silver 

deposition. This supports the hypothesis of the electrode surface area increase originating from 

dendritic growth as the main contributor to the current increase. 
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Figure 6.4-1 Plating profiles comparison – copper (900 OC) and silver (1000 OC) deposition on 

identical flat disc  electrodes (0.0314cm2), form their respective chlorides in an NaCl melt. Reduction 

potentials: Ag -900 mV, Cu -450 mV. WE: tungsten, CE: graphite, QRE: tungsten. Solid black lines 

represent smoothened trend of raw (dotted line) data.  

It was observed that the current change occurring during the process is also connected to the 

initial surface area of the electrode used. Figure 6.4-2 represents a copper plating profile on a 

relatively large 1.32 cm2 rod electrode, when compared to the Figure 6.4-1 profiles obtained 

using a flat-disc electrode with a 0.031 cm2 initial surface area. There is no rapid current 

increase in case of larger electrode; however, the silver sample still shows greater current 

stability in comparison, even on a smaller electrode. This suggests that the observed current 

variations are an electrode surface-related phenomenon, associated with the surface/volume 

ratio of the metallic deposits, and the initial electrode surface area. 
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Figure 6.4-2 Plating profiles comparison – copper plating (at 900 OC) on a relatively larger surface 

rod electrode from 1 wt% CuCl in an NaCl melt. Reduction potential: Cu -450 mV vs tungsten. WE: 

tungsten, CE: graphite, QRE: tungsten. Initial fall in the current can be seen as the diffusion layer 

forms, and a subsequent increase in current follows although at a smaller rate, as the initial 

electrode surface is relatively large. Solid black lines represent smoothened trend of raw (dotted 

line) data. 

The current increase difference for small and large initial surface electrodes can be explained 

by the relative surface area change, which is of bigger impact on a smaller electrode. The 

initial diffusion layer formation phase, connected with the high starting current area at the 

beginning of the graph and its rapid decline, is much shorter for the smaller electrode as it 

takes less time to reduce the metal ions present in the close proximity of the cathode. As shown 

by the initial high current, a significant amount of metal can be deposited at the early stage of 

the process. Dendritic growth on the electrode surface has a significant impact on the surface 

to initial surface ratio of the small electrode (Figure 6.4-1), and a relatively smaller impact on 

the bigger electrode (Figure 6.4-2), resulting in an insignificant surface area change. This 

influence can be quantified and correlated with the experimentally observed electric current 

increase, as will be described later in this section. 

Alternatively, the plating current increase can be caused by lowering of the kinetic barriers in 

number of ways. Firstly, plating overpotential for tungsten substrate can be higher than for 
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copper, resulting in preferential plating on the already-nucleated copper sites, as more are 

accessible with the ongoing process. Such phenomenon has been observed previously when 

plating Pb on carbon substrate [125], as previously discussed. Secondly, due to the change in 

the electrode geometry, higher current-density areas are formed, especially at the peaks of the 

metallic dendrites, intensifying the electroplating reaction in that region. Finally, change in 

geometry of the electrode surface results in unequal ion availability and diffusion geometry, 

furthermore perpetuating the dendritic growth [181]. 

Deposits structural analysis 

The structure of the metallic dendrites was analysed using X-ray Computed Tomography and 

compared against the relatively flat surface of the plated silver droplet. X-CT was used to 

obtain a 3D reconstructed model of the deposited metal structure, shown in Figure 6.4-3a. The 

semi-transparent green represents the chloride, peeled away to reveal the considered metallic 

deposit. Clear identification and segmentation through a multi-level thresholding method is 

possible as the chloride and metal have a significantly different atomic numbers [182]. 

The high-density metal shows a relatively random tree-like structure with streaks of ordered 

material. This structure exhibits a very high surface-to-volume ratio, resulting in the rapid 

increase in the surface area of the electrode during the process. A smaller region of the deposit 

is shown in Figure 6.4-3b, where a regular highly dendritic structure can be seen and long 

branches of metal with perpendicular projections are visible. The deposited metal matrix can 

be easily crushed/broken off the electrode, which allows for easy recovery of both the metal 

considered and tungsten electrode. 

The presented structure is commonly reported by other researchers [125,126,180] as to be 

originating from the diffusion control of the metal deposition process. As the diffusion layer 

is formed [114], analyte has to move towards the electrode from the bulk electrolyte, where 

the concentration is higher and can be assumed constant in a semi-infinite systems [123], 

which is relevant to our setup. As the ion is reduced as soon as it touches the metallic electrode 

surface, previously-deposited dendrites protruding from the surface are the preferential 

deposition areas due to their easier accessibility, higher charge and shorter diffusion path. All 

of these effects further perpetuate the diffusion growth of the deposits. 

As previously mentioned in section 2.3, overpotential above the peak reduction potential are 

in the diffusion controlled region, therefore reducing the operating plating potential could limit 
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the diffusion effect on the deposition.  Additionally, mixing could aid the diffusion with 

convection mass transfer mode [123], resulting in smoother deposits. Finally, higher operating 

temperature would lower the viscosity of the melt, increase the diffusion coefficients 

[170,183], and eventually result in a molten metal deposition, which would take a smooth 

droplet-like form. Example is given by electroplating silver as 1000 OC, as discussed later in 

this section. 

 

Figure 6.4-3 3D reconstructed metal deposits obtained from a long deposition process on a rod 

tungsten electrode. X-CT scan parameters are described in text. 

a.) A complete 3D model, b.) Smaller region under higher magnification 

By contrast, the silver deposit shown in Figure 6.4-4 and 6.4-5 show a very smooth surface. 

The FEG-SEM X-EDS picture represents the tungsten electrode tip cross-section after the 

silver electrodeposition. No dendrites can be seen, which is in agreement with our assumptions 

and the constant electric current visible on the chronoamperometric profile in Figure 6.4-1. 

However, the silver metal deposit was much more closely connected with the electrode 

surface, making it significantly harder to mechanically separate it from the tungsten rod. 
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Figure 6.4-5 Silver deposit on a tungsten flat-disc electrode. Plating potential: -900 mV vs tungsten, 

at the temperature of 900 OC from an 1wt% AgCl in NaCl mixture. WE: tungsten, CE: graphite, 

QRE: tungsten. 

Electrode surface growth evaluation 

The electrode surface change was calculated using the chronoamperometric experiments data 

collected during the electro-deposition of copper. Cottrell equation (4.4-3) was used for 

calculations, as explained in the Experimental section. Parameters used for calculations were 

as follows: D (calculated) = 1.35e-4 [cm2 s-1], F = 96485 [𝐶 𝑚𝑜𝑙−1], n = 2, and 𝑐∞= 0.116 

[mol dm-3]. The assumed initial electrode surface A was that of the small disc electrode equal 

Figure 6.4-4 FEG-SEM X-EDS scan of the silver deposit on a flat disc tungsten electrode. 

Acceleration voltage of 20 kV was used, aperture of 30 microns. No silver can be spotted in the 

tungsten (no alloying) and a smooth silver surface is clearly visible, suggesting no dendritic 

growth. 
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to 0.0314 cm2. The experimental electric current I values (Cu: -450 mV, Ag: -900 mV) were 

obtained from the potentiostatic measurements, after the initial diffusion layer formation 

phase. 

Alternatively, surface area increase can be calculated using the surface area to volume ratio 

(SA/V) estimated from the X-CT data. The ratio was estimated at 966.676 [cm-1] for dendritic 

metal deposits. The sample used was produced by electroplating for an extended period of 

time to obtain a fragment big enough to be fitted onto the X-CT scanning machine sample 

holder. The reported SA/V ratio was used to calculate the expected surface growth based on 

the amount of electric charge passed, as in the following equations (6.4-1) and (6.4-2). Back-

dissolution and imperfect current efficiency effects were not accounted for. The SA/V ratio 

was used as a constant value, which is only correct for a limited time as the growing dendrites 

will fuse into each other and create regions cut off from the bulk salt, resulting in the so-called 

reactor dead zones. This would reduce the accessible electrode surface, lowering the surface 

area growth. 

𝑚 =
(𝑄 𝐴)

(𝑛 𝐹)
     (6.4-1) 

𝑆 = 𝑆0 +
𝑚

𝜌
 𝑋     (6.4-2) 

where: m – mass of the metal deposited [g], A – atomic mass of the element [g mol-1], n – 

number of the electrons exchanged in the red-ox reaction, Q – electric charge passed through 

the electrode [C], F – Faraday constant [C mol-1], S – electrode surface [cm2], S0 – initial 

electrode surface [cm2], X – surface-to-volume ratio [cm-1] and ρ – metal density [cm3 g-1]. 

Significant surface area increase can be observed using both calculation methods, as shown in 

Figure 6.4-6, where the relative current and surface increase is plotted. Closely fitting trends 

can be observed for the surface area growth and experimentally measured electric current 

increase. This supports the hypothesis that the current variations are caused and can be 

quantitatively explained by the rapid surface area growth. As such, the current density remains 

constant for the duration of the process. Complex and highly developed electrode surface is 

created by the dendritic structure, which results in a significant surface area increase and the 

observed electric current gain. This phenomenon is expected to decline at a later stage of the 

process, when the metallic dendrites start to fuse together and create the stagnant regions, 

limiting the electrode surface development. 
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The surface growth calculated from the X-CT surface-to-volume ratio fits closer with the 

electric current increase, when compared to the Cottrell-derived trend. This is likely caused 

by the diffusion coefficients calculated from the Stokes-Einstein equation, which can be 

different from the non-ideal values. Alternatively, the disparity could originate from the 

electroplating current loss as a result of shuttling, side reactions, back-dissolution of the metal 

and/or imperfect current efficiency, or the aforementioned kinetics alteration by the change in 

the electrode structure or preferential copper-on-copper plating. As a result, not all of the 

experimentally measured charge passed would correspond to the metal being successfully 

electroplated. 

 

The hypothesis stated at the beginning of this section has been confirmed. The produced metal 

deposits were analysed and the calculated surface area growth is in all cases proportional to 

the experimentally obtained electric current trend. This can explain the phenomenon of rapid 

electric current increase observed during the process. The current growth is most probably 

caused by the increase in the electrode surface area, and can be directly correlated with the use 

Figure 6.4-6 Electric current and surface increase correlation for copper electrolysis from molten 

sodium chloride at 900 OC on a flat disc electrode. Plating potential of -450 mV was applied. WE: 

tungsten, CE: graphite, QRE: tungsten. The y-axis represents the electric current and electrode 

surface area increase factors. Rapid and similar increase can be seen in both electroplating current 

and the surface, supporting the hypothesis of the surface increase resulting in an increased current. 
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of the X-CT measured surface-to-volume ratio of the metal deposits or the Cottrell equation. 

However, kinetics change due to the electrode geometry and structure alteration can also be 

of influence, resulting in presence of preferential plating areas and current density variations, 

possibly explaining the slight discrepancies in the presented results. The experiments also 

show that the evaluated electrolytic cell setup allows for recovery of both molten and solid 

dendritic metal deposits, making it a versatile base for metal electrodeposition systems. 

However, while the obtained dendritic metal deposits could be easily broken off the electrode, 

offering no difficulty in the mechanical recovery from the system, in case of molten metal 

deposition the separation is more challenging due to the high adherence to the electrode. 

Knowing that the dendritic growth is present in the system evaluated in this work, one has to 

consider its effect on the Cyclic Voltammetry measurements as well. Due to the increasing 

electrode surface and its geometry, potentially leading to a lower kinetic barrier of the 

electroreduction process, peak shifts could be observed in case a significant number of CV 

scans is plotted. Due to the lower kinetic barriers, the process would occur at lower potentials, 

which would manifest itself as the reduction peak shift towards the more positive values. 

Additionally, larger surface and its more complex geometry will lead to an increased charge 

passing through the electrode, which in turn would increase the peaks observable height. Such 

phenomena have to be kept in mind when evaluating similar systems, as it can lead to the 

measurements aberration if proper care is not taken to avoid unnecessary high number of 

scans. 
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7. Economic analysis 

Considering the economic aspects of the process evaluated in this work, it offers certain 

benefits over the previously analysed hydro- and pyro-metallurgical methods. The process 

proposed uses two salts for the bulk of the cell, both of which are quite prevalent and naturally 

occurring [100,184]. There are no heavily corrosive and expensive acids used (e.g. 

hydrofluoric or sulfuric acids), which removes the adverse environmental effect of these as 

well [15]. This allows for zero water-waste production, which is of growing concern as the 

contaminated water disposal costs are growing, amplified by the pressure of the pro-ecological 

approach and governmental incentives to reduce the waste output.  

Regarding the pre-treatment of feed materials, hydrometallurgical methods require certain 

(small) particle size for the acid leeching to reach required concentrations [44,185], while the 

evaluated method would not require such, as it could work on a pellet-size metal source even 

without additional mixing. This removes the need of additional milling and thermal pre-

treatment steps, which reduces the cost of feed preparation. 

The overall cost of the process can be divided into the initial expenditure, i.e. equipment, and 

the ongoing electricity consumption. Following calculations can be made using the example 

of cobalt as the rarest of the recovered metals at the price of £16.19 per kg of Co as set by the 

London Metal Exchange [186] and the average business electricity rate in the UK [187] at 

9.26 p/kWh. The amount of electric energy required to plate 1 g of cobalt can be calculated 

using the Faraday’s law of electrolysis equation (7-1): 

𝑄 =
𝑚 𝐹 𝑛

𝑀
       (7-1) 

where: Q – electric charge [C], F – Faraday constant equal 96485 [C mol-1], n – number of 

electrons exchange in the redox reaction equal 2, M – molar mass of the substance equal 58.933 

[g mol-1] and m – mass of the substance liberated [g] assumed to be 1 g. The result is: 𝑄 =

0.9096 [𝐴ℎ] 

The electrolysis parameters were obtained experimentally as described in section 5.2. The full-

cell potential value of -1.848 V is required for the Co2+ electroreduction from the two-phase 

cell system at the achieved concentration of 0.121 mol dm-3. This results in the following 

theoretical electric energy consumption of the process calculated with the equation (7-2): 

𝐸 = 𝑃 𝑡 = |𝑈| 𝑄      (7-2) 
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where: E – electric energy [Wh], P – power [W], t – time [s], U – potential [V]. Q – charge 

[C]. The resulting energy requirement is: 𝐸 = 1.6810 [𝑊ℎ] 

At the assumed electricity rate, the theoretical cost of electricity required for the 

electroreduction of 1 g of cobalt equals 0.0156 p. This means that the electricity cost is 

negligible for the amount of metal recovered and the major cost will probably result from a 

different process element. While some overpotential might need to be applied during the 

process (e.g. due to the higher assembly resistance, concentration variations), it would not 

increase the overall cost significantly, as discussed in the later part of this section. 

As the time of the process is dictated by the limiting current, the value of which was obtained 

experimentally as described in section 6.2. The limiting current value observed at the 

experimental parameters was 0.02 A on a 0.0314 cm2 electrode, which equals to  

0.6369 A cm-2 current density for cobalt electroreduction in the evaluated system. While for 

the simplification the current density can be assumed similar for larger electrodes, it needs to 

be noted it might not be the case and as a result, the efficiency might be lower than theoretically 

calculated. 

More importantly, in case of a larger vessels the internal resistances would increase. As there 

will be bigger distance between the larger electrodes, longer connections and current 

collectors, the overall resistance of the system will increase. This will result in some of the 

energy being turned into waste heat, as well as need for increased overpotential applied. 

However, as will be discussed later in this section, that heat can be used to minimise the 

amount of external heating applied to reduce the heating cost. 

The tests were conducted in a GVA 12/300 Carbolite® furnace using resistance heating 

elements, which required 1725 Watts of energy to keep the furnace at the working temperature 

of 900 OC. This translates to 15.97 p of electricity cost for 1 hour of the furnace working 

at the process temperature. Therefore, the electrolysis cost is negligible when compared to 

the heat generation cost required during the evaluated process. To plate 1 g of cobalt a charge 

of 0.9096 Ah has to pass through the electrode, which would take 9 hours and 19 minutes 

using a 1 cm2 surface area electrode. This would result in 148.86 p cost of furnace heat 

generation in comparison to 0.00156 p of electricity cost for electrolysis. 

However, these considerations become less relevant on an industrial scale because of the 

following: the loss due to the electrode/cell resistance is small on a small scale, yet becomes 

significant if industrial-scale vessels are considered., e.g. in the Hall-Héroult process [188]. 
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Almost two-thirds of the heat is reported to be generated in the electrolyte, the rest on the 

electrodes and external connections.  As such, after the initial temperature increase to enable 

the process, the heat generated in the process can be sufficient to keep the melting temperature 

[151]. Precise heat balancing, especially considering the current density influence, should be 

done to avoid overheating/cooling if a significant upscale is attempted. Still, the process 

assembly would need to be able to heat up the mix in order to start the process, and potentially 

cool it down if the heat-generation exceeds the heat loss through radiation and diffusion. 

The profitable amount of metal to recover from the initial feed will vary depending on the 

electrolytic cell setup.  As the metal concentration decreases, the current density will 

deteriorate resulting in a slower process [114]. The optimal recovery rate will depend on the 

initial metal concentration, electrolytic cell size, electrode surface and the cost threshold, 

which is specific to each case, as well as the heat generation depending on the current density. 

The initial cost of the process would involve the equipment expenditure, which in case of the 

laboratory scale consisted of £2900 for the furnace (GVA 12/300, Carbolite®) and the 

electrodes cost at £88 (tungsten rod 500m, Goodfellow Cambridge Ltd.) and £5.66 (graphite 

rod 150mm, Sigma-Aldrich®). The salts cost was respectively £160 and £20 for 1kg of high 

purity borax and sodium chloride (Sigma-Aldrich®), however at the industrial rate the price 

falls to £0.5 and £0.04 per kg. This again underlines the cost reduction related to the up-scaled 

production. Additionally, cost of a significantly bigger electrolytic vessel/furnace setup would 

increase the cost, however it would be more cost efficient per usable volume, especially 

considering the process heat generation that would reduce the electricity consumption rate. 

It is evident that, after the initial setup, the most significant process cost contribution would 

be the electricity usage, making the price-per-mass-unit of the plated metal relatively high. 

Nonetheless, the electricity cost would be driven lower by other research sectors (e.g. nuclear, 

renewables), enabling and promoting electrolysis-oriented systems. Furthermore, the process 

could utilise process heat from the electrolysis itself, significantly reducing the cost 

contribution, or the residual heat present in other sectors of the metal industry. As suggested 

in the analysis, significant cost-per-unit reduction can be achieved by the up-scale of the 

process and competitive prices of metal can be potentially achieved with optimal engineering 

solutions in place, e.g. heat balancing, the process itself is not labour intensive, and can be 

easily automated. Additionally, due to the used chemicals being cheap and easily accessible, 

this method has low running materials requirements, reliant mostly on the electricity supply.  
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When compared with other available methods as was done in section 2.2.1, this unique and 

novel process allows for recovery of a wide range of feedstock, while remaining capable of 

recovery of all of the valuable metals present rather than using it as a secondary-feed for alloys 

production. Additionally, the process offers clean solution without the use of toxic acids for 

leaching and significant amounts of water, minimising the adverse effects on the environment, 

an effect especially important when on a large scale. Finally, the flexibility of the system 

allows for recovery of the ever-changing chemistries of the eWaste, without the need of costly 

and complex refurbishing of the electrolytic cell. With the development of the process and 

growing metal industry needs, the benefits of complete, clean and diverse metal recovery from 

a wide range of feedstock would outweigh the cost, especially considering the increasing 

environmental concerns and waste disposal costs. 
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8. Conclusions 

The focus of this study was to create and evaluate a new proof-of-concept molten salt two-

phase metal recovery method capable of recovering valuable metals from the eWaste stream. 

Within this work, a completely novel metal recovery process has been developed and the 

investigation of the fundamental system thermodynamics was undertaken, as they were not 

previously evaluated by other researchers The scope of this thesis includes a range of valuable 

metals present in the Li-ion and Ni-MH batteries, precisely: cobalt, copper, manganese and 

nickel. The thermodynamics of the melt electrolysis were evaluated by means of electro-

analytical methods and materials characterisation methods like SEM-EDS and XRD were used 

to analyse the processed salts composition and the electroreduction products. 

A two-phase molten salt system composed of sodium borate (Na2O-2B2O3) and sodium 

chloride (NaCl) was designed, evaluated and used for metal recovery. The feed tested includes 

oxides and chlorides of Co, Cu, Mn and Ni, as representation of the Li-ion and Ni-MH waste 

composition. The tests were conducted in a three-electrode setup using tungsten (W) working 

electrode, graphite (C) counter-electrode and a tungsten (W) quasi-reference electrode to avoid 

introducing contaminations. The process was operating at the temperature of 900 OC / 1173 

K, which is a balance between the melting points of the salts used and metals deposited (based 

on their phase diagrams created using thermodynamic software), and the stability of the 

materials used. The cell was running in a gas-tight vertical tube furnace under argon 

atmosphere. This was a one-vessel assembly utilising the immiscibility of the two liquid 

phases used; however, a three-vessel version of the system has been proposed as well, both 

akin to an industrial set-up idea, their pro et contra and up-scale limitations discussed. 

The system evaluated was designed to work with metals present in the eWaste stream 

composed of lithium ion and nickel metal hydride batteries; however, due to the chemical 

stability of the salts system used it could work with other metal sources as well, e.g. metal-

accumulating biomass mentioned in the introduction section. The suggested system provides 

an alternative to the single-phase or aqueous metal recovery methods, while solving the issues 

related to the hydrometallurgical methods including significant amounts of water waste, 

sulphates by-products presence and toxic acids use resulting in highly detrimental effects on 

the environment. Additionally, the method developed is inclusive of a range of metals, which 

is of high importance considering the growing complexity of the eWaste stream.  
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Little to no work has been done in this dual salt system beforehand regarding various metal 

oxides solubility, and so this first step of the process was studied carefully and resulted in 

novel results produced. The equilibrium solubility study of the metal oxides, precisely Cu2O, 

CuO, Co3O4, Mn2O3 and NiO in borate glass has been described in section 5.1. The solubility 

can be greatly increased by adding network modifiers, i.e. alkali metal oxides, changing the 

structure of the highly polymeric molten borate as described in section 2.3.2, and adding 

negative exchange sites, increasing the overall metal cation affinity of the melt. Significant 

solubility has been achieved by using the Na2O-2B2O3 molten salt, with the metals 

concentration ranging between 4-20 wt%, which is sufficient for the later steps of the process. 

Similarly, the transfer of the metal ions into the chloride layer has been analysed. The chemical 

reaction (2.3-9) occurring at the liquid-liquid interface results in metal chlorides being present 

in the upper halide layer; however, the metals concentration achieved was considerably lower 

(~1 wt%) due to the high metal ions affinity towards the oxide layer leading to an unfavourable 

partition coefficient. However, as the interface exchange is chemical reaction driven, the 

recovery process can continue with the sustained feed of metal ions from the metal-rich borate 

layer. 

In section 5.2. the electrochemistry of the system is evaluated. All of the metals considered 

were successfully plated from the suggested two-phase cell system and compared against a 

simplified one-phase system for the thermodynamic analysis of the process. The system was 

evaluated in a three-electrode set-up and the formal redox reaction potentials were reported 

for the following feedstock: Co2O3 [-0.733/-1.848 V], CuO [-1.297/-2.375 V], Mn2O3 [-1.552 

V] and NiO [-1.734 V] versus chlorine evolution. The solvation and other influences were 

accounted for using an empirical equation 6.3-7, created by comparing thermodynamic and 

experimental redox potentials. The electrochemical evaluation allowed for separate analysis 

of each metal behaviour during the electrolysis process. It was observed that the electrolysis 

profiles changed when compared to the single-phase system, because of different metal ions 

oxidation states transported from the oxide layer, resulting in different melt compositions. 

Recovered metals were chemically analysed, their purity was measured using SEM-EDS and 

was found as follows: >98% for Cu, >99% for Co, >99% for Mn, and >99% for Ni. The lack 

of boron in the deposits was verified using ICP-OES, confirming the complete partition of the 

molten phases. The metals for analysis were electroplated by means of chronoamperometry 

and the data gathered was used for mathematical correlation of the current changes with the 
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electrode area growth measured using Stokes-Einstein diffusion model, Cottrell equation and 

X-CT scanning for the copper case. Significant current increase over time was observed and 

concluded to originate from the highly dendritic deposits structure, resulting in rapidly 

growing electrode surface area. Recovered copper deposits were reconstructed in 3D and 

showed a highly dendritic structure with surface-to-volume ratio of almost 1000 cm-1. Such a 

structure is common for diffusion-controlled processes, as is the case in the cell studied, 

especially when applying high overpotentials. 

Economic analysis of the process shows that heat generation is the most significant constituent 

of the overall cost per unit of the recovered metal when operating on a laboratory scale. Under 

simplified assumptions it was concluded that in case of the up-scale the process heat could be 

sufficient to minimise the need for external heating once the process starts, similarly to the 

Hall-Héroult process. This would significantly increase the feasibility of the process. The 

observations underscore the importance of the scale-up required to lower the production cost. 

Further feasibility analysis would require current efficiency and its correlation with the 

electrode size analysis, which is a subject for future work on this system. As the cost of the 

electricity falls down with new power generation methods, waste-disposal costs increase and 

the rare and valuable metal sources diminish, the competitiveness of the method developed 

increases offering a viable concept for the benefit of the future industry. 
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9. Future work 

Although progress is being made in the molten salts metal recovery and this work evaluated 

some features of the molten borate-chloride two-phase system, there are areas that need to be 

addressed for future study. Further exploration of the dissolution and metal ions partition in 

the two-phase molten salt systems is suggested, in particular the influence of the oxygen partial 

pressure on the partition coefficients of the metals of interest. It would expand the 

understanding of the thermodynamics behind the metal ions partition between the molten 

oxide and halide phases and could be used for better two-phase molten salts processes control. 

Alternatively, the liquid-liquid interface evaluation could be done with the use of the novel 

double-hot thermocouple technique [189]. Such method would allow optical and 

electrochemical observations at the same time, enabling analysis of such a complex reaction 

as a liquid-liquid interface ionic transfer. An intricate, purpose-built in-house assembly would 

have to be made, for the benefit of better understanding of this complex process kinetics and 

thermodynamics. 

Furthermore, the kinetics of metal ions dissolution into the borate melt were not extensively 

studied, which offers limited confidence regarding the speed of this process. The high-

temperature liquid-liquid and liquid-solid interactions investigation is non-trivial; however, it 

can be of great benefit to our understanding of the molten salts kinetics. 

Improvement in the electrolysis cell design could be made, e.g. by experimenting with 

different electrode materials. Tungsten was selected for its thermal resistance and chemical 

stability; however, different metals could offer better performance or interesting alloying 

opportunities, e.g. liquid aluminium cathode. Additionally, while the recovery of both 

dendritic copper deposits and molten silver phase shows that the proposed system could work 

for a range of metal deposits, efficient metal collection from the assembly would be a subject 

of future work. In the current assembly the process had to be fully stopped to allow for safe 

metal rods extraction, which is highly impractical. 

Further improvements to the process could be made through efficiency analysis, identifying 

potential energy losses and process design flaws. Faradaic efficiency analysis would be 

beneficial, which requires reliable deposited metal recovery method. X-CT or BET techniques 

could be used for the recovered deposits structural analysis. While the testing was conducted 

using high grade chemicals, the use of actual waste mixes could result in other elements 
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presence in the melt causing some current efficiency drop, increasing the energy required for 

the metal electrodeposition. However, as mentioned in section 7 the significantly larger part 

of the process cost at small scale is the heat generation, which optimisation would greatly 

benefit the feasibility of the process designed. Heat balancing would be required in order to 

achieve an optimal thermal equilibrium between the process heat generation and heat losses. 

The optimisation and up-scale of the process would be an interesting subject for future 

investigation, potentially including a different, multi-vessel dissolution and electrolysis setup. 

As mentioned in chapter 7, an up-scaled process would be much more beneficial, turning into 

an economically feasible recycling method. Other metal feeds could also be experimented 

with, widening the range of the evaluated molten salts systems and benefitting the molten salts 

metal recovery research. The suggested engineering solutions regarding the process control 

and electrode materials could lead to easier metals separation and recovery from the proposed 

system.  
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