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                                                                ABSTRACT 

             Neodymium has widespread applications in magnets, electronics, optical and laser 

materials. Currently, neodymium is produced using high-temperature molten salts processes that are 

very energy intensive and costly. There has been ongoing efforts to develop a technique for 

production of neodymium from neodymium oxide at low temperatures. Electrowinning technique 

for reduction of neodymium oxide in room temperature ionic liquid is designed, discussed and 

evaluated. The chemical process for synthesis of Nd(TFSI)3 from Nd2O3 and hydrogen-cation-

based ionic liquid (HTFSI) is described. The electrochemical behavior and the electrodeposition of 

neodymium in hydrogen-cation-based ionic liquid are investigated. The cyclic voltammetric 

measurements are conducted and discussed to show one-step reduction of the trivalent neodymium 

ion in hydrogen-cation-based ionic liquid. The electrodeposition of neodymium in hydrogen-cation-

based ionic liquid is carried out using a two-electrode system with copper cathode and neodymium 

anode. Furthermore, the electrodeposits from are investigated by scanning electron microscopy 

(SEM) and energy dispersive X- ray analysis (EDX). 
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                                                             CHAPTER ONE 

                                                            INTRODUCTION 

Chapter 1 gives an overview of the project in terms of background information. It also 

provides the justification for undertaking this particular project. 

 

1.1 Background  

 Neodymium is a chemical element with symbol Nd and atomic number 60. It is a soft 

silvery metal that is very reactive and quickly oxidizes in the air. Therefore, the neodymium 

metal should be kept under an oil or sealed tightly in a plastic material. Neodymium was 

discovered by Carl F. Auer von Welsbach, a German chemist, in 1885. He separated 

neodymium, as well as the element praseodymium, from a material known as didymium [1]. 

Neodymium is not found naturally in metallic form. It is generally found in ores such as 

monazite and bastnasite and always mixed with lanthanides. It has to be produced 

electrolytically and metallothermally for general use. Although neodymium is classified as rare 

earth, it is a fairly common element, no rarer than cobalt, nickel, or copper and is widely 

distributed in the Earth's crust. Most of the world's commercial neodymium is mined in China. 

The main mining areas of neodymium other than China are in the United States, Brazil, India, 

Sri Lanka, and Australia. Its abundance in the Earth's crust is about 38 mg/kg, which is the 

second highest among rare earth elements, following cerium, which is 68 mg/kg. The 

abundance of lanthanum in earth’s crust is 32 mg/kg [1]. Neodymium is one of the more 

reactive lanthanide rare-earth metals. Neodymium has become very essential for high-tech 

industries, where it has been applied in many technical fields. Neodymium makes up about 

18% of Misch-metal, a material that is used to make flints for lighters. Neodymium is also a 

component of didymium glass, which is used to make certain types of welder's and glass 

blower's goggles. Neodymium is added to glass to remove the green color caused by iron 

contaminants. It can also be added to glass to create violet, red or gray colors. Some types of 

glass containing neodymium are used by astronomers to calibrate devices called spectrometers 

and other types are used to create artificial rubies for lasers.  

Some neodymium salts are used to color enamels and glazes [1]. Because of these 

applications of neodymium, demand for neodymium metal has increased significantly. 

Researchers have been working on finding ways to reduce neodymium metal from its purified 
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oxide. Ion exchange or solvent extraction techniques are two methods used to obtain 

neodymium from its salts. The element may also be obtained by reducing neodymium oxide in 

room temperature ionic liquids or reducing anhydrous halides such as NdF3 with a calcium 

metal or lanthanum. Several other techniques to obtain the element are known. 

 

1.2 Justification of Research 

Neodymium has high demand in common applications, but there are high risks to supply 

of the material, which makes neodymium a critical material in the Department of Energy’s 

critical material strategy. Neodymium is thought to be most at risk of supply because of the 

expected growth in demand and reliance on China. Because of criticality of neodymium, it has 

become very important to find an economical way to produce neodymium from its salts. 

Automakers already use permanent magnet motors that rely on neodymium because it is lighter 

and more efficient than induction motors that are based on copper coils. With the demand for 

electric vehicles growing more and more, so on the demand for neodymium. It shows the way 

the industry is moving and the direction of demand for neodymium. There are many electrolytic 

techniques to reduce neodymium from its ore, which are discussed in the chapter 2. The 

electrowinning in the room temperature ionic liquids has received a lot of attention and success 

recently for the production of rare earth metals from their respective rare earth oxides. Therefore, 

this project focuses on the electrowinning technique in the room temperature ionic liquid to 

reduce neodymium from neodymium oxide. The aim of this project is first to show by cyclic 

measurements that neodymium can be reduced from neodymium salts in a room temperature 

ionic liquid. The next goal is to deposit the reduced neodymium on working electrode and 

analyze the deposited neodymium by scanning electron microscopy (SEM) and energy 

dispersive X-ray diffraction (EDX). It is also examined that if the used electrolyte after the 

experiment can be used again for the new experiment or not. Further work will be on the 

economics of the electrowinning process.   
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                                                  CHAPTER TWO   

                                           LITERATURE REVIEW 

 In order to tailor and shape the scope of this project, a literature survey was conducted. 

The goal of the literature survey was to understand the occurrence and production, supply and 

demand, applications of rare earth elements, neodymium metal in particular, and various 

electrolytic processes for the production of neodymium. The first half of section 2.1 goes 

through the occurrence and production of rare earth elements globally and the second half goes 

through the occurrence of neodymium metal. The first half of section 2.2 highlights the supply 

and demand relationship of rare earth elements and the second half highlights the supply and 

demand relationship of neodymium metal. The first half of section 2.3 focuses on the 

applications of rare earth elements in various technical industries and the second half focuses 

on the applications of neodymium metal in various industries. Section 2.4 describes various 

electrolytic processes for the production of neodymium from neodymium ores and the 

electrowinning process is discussed in detail in this section as the electrowinning process is 

used for reduction of Nd2O3 to Nd for this project. 

 

 2.1 Rare earth elements and Global rare-earth production  

 Rare earth elements are a group of 17 chemical elements in the periodic table, 

specifically lanthanides; Cerium, Praseodymium, Neodymium. Promethium, Samarium, 

Europium, Gadolinium, Terbium, Dysprosium, Holmium, Erbium, Thulium, Ytterbium, & 

Lutetium as well as Scandium and Yttrium. Scandium is found in most rare earth element 

deposits, in Co/Ni deposits, and is sometimes classified as a rare earth element. The International 

Union of Pure and Applied Chemistry includes Scandium in their rare earth element definition. 

The rare earth elements are all metals; hence the group is often referred to as the “rare earth 

metals.” Although these metals have many similar geochemical properties, their individual 

abundances in the earth are by no means equal. The concentration of the most abundant rare 

earth element (cerium) and least abundant rare earth element (thulium) typically differ by two to 

five orders of magnitude [2]. Neodymium, Europium, Terbium and Dysprosium are considered 

critical materials. Despite their name, rare-earth elements are - with the exception of the 
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radioactive promethium-relatively plentiful in Earth's crust, with cerium being the 25th most 

abundant element at 68 parts per million, more abundant than copper. They are not especially 

rare, but they do not occur in their metallic forms and need to be reduced from their respective 

rare earth oxides or fluorides. They are typically dispersed  

because of their geochemical properties and not often found concentrated as rare-earth minerals 

in the ore deposits [3].  

 

Although, rare-earth elements are found abundantly in the Earth’s crust, mineable 

concentrations are less common as compared to other ores. Carbonates, igneous rocks, clay 

deposits and monazite-bearing placer sand deposits are four prime geological environment 

conditions for resources. Clay deposits are the leading source of heavy rare-earth elements 

production and placer deposits are the leading source of light rare-earth elements production [4]. 

The main sources of rare earth elements until 1948 were alluvial beach deposits of monazite sand 

in India and Brazil. Through the mid- 1950s, modest rare earth elements production from a 

monazite-bearing placer deposit at Steenkampskraal in South Africa supplanted these sources 

making South Africa the world’s primary rare earth element source. This mine also produced 

Figure 2.1. Periodic Table with rare-earth elements highlighted. 
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thorium. In 1960s, placer deposits of monazite in the Carolinas, Florida, and Idaho were the main 

sources of rare earth supply in North America [5]. By 1966, Mountain Pass, California had 

become the prime source of rare earth elements making United States largely self- sufficient in 

rare earth elements resources. At that time, the sudden demand of Eu created by the 

commercialization of color television played a huge role in the development of Mountain Pass 

deposit. Mountain Pass remained the primary source of rare earth elements from 1965 through 

the mid-1980s [3]. In 2011, China produced 70% of the world’s rare- earth elements and 

supplied 90% of the global rare-earth elements [6]. Before 1980; China was not the leader in the 

mining and production of rare-earth elements. Rare-earth elements were not readily available 

outside of the Chinese market with China having 95% of the world’s production capacity. Due to 

low labor costs in China combined with the environmental issues at Mountain Pass mine, there 

was a decline of rare-earth industry in the United States and a boom in the rare-earth industry in 

China during the 1980s making China surpass the United States as the world’s largest rare earth 

elements producer. The two other contributors to China’s increasing dominance in rare-earth 

industry were low environmental standards and China’s access to large deposits of rare-earth 

ores within its borders [6]. During 1990s and the early 2000s, China generated a fragmented 

industry with thousands of mines, many engaging in reckless mining and illicit production. 

These small companies often ignored safety and environmental regulations to compete with each 

other for more profits and export deals [7]. Currently, global rare-earth elements are mainly 

extracted from deposits in China and Australia. In 2017, China produced 81% of the world’s rare 

earth supply and Australia was the second major producer and the only other major producer 

with 15% of world production. Mountain Pass in California, USA, and Mount Weld in Western 

Australia, Australia and Bayan Obo in Inner Mongolia, China are typical carbonatite rare-earth 

deposits, which are currently the main sources of global rare-earth elements production. Placer 

rare-earth deposits are currently dominant in India and Malaysia [7].The Browns Range mine, 

located 160 km southeast of Halls in northern Western Australia, is currently under development 

and is positioned to become the first significant dysprosium producer outside of China. Browns 

Range mine is spread over 3,595 km2. The deposits are characterized as breccia-hosted 

hydrothermal systems with huge amounts of rare earth phosphate mineral xenomite 

mineralization [8]. 
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Figure 2.2. History of rare earth elements production, in metric tons of rare earth oxide 
equivalent[2]. 

 

Figure 2.2 shows a history of rare earth elements production, in metric tons of rare earth 

oxide equivalent, between 1950 and 2016. It clearly shows the United States’ entry into the 

market in mid-1960s when Mountain Pass, California had become the prime source of rare earth 

elements because of the sudden demand for Eu for the commercialization of color television. 

However, when China began selling rare earth elements at very low prices in the late 1980s and 

early 1990s, mines in the United States were forced to shut down because they could no longer 

make a profit. When China cut exports in 2010, rare earth prices rose to the highest, which 

motivated new production in the United States, Australia, Brazil, India, Russia, Thailand, 

Malaysia, and other countries. In 2016, rare earth production in the United States stopped as the 

only remaining mine was put on care and maintenance because it could not meet required 

environmental standards. 
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Figure 2.3. Mine production of rare earths (in tons) over the world in 2015 [4]. 

 

Figure 2.4 Mine production of rare earths (in tons) over the world in 2016 [4] . 

As shown in the graphs above, in 2016, there was a significant decline in the mine 

production of rare earths in United States due to suspension of U.S. mining in 2015. The mine 
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production of rare earths in U.S. in 2015 was 5,900 tons. The mine production of rare earths in 

Australia increased to 14,000 tons in 2016 from 12,000 tons in 2015. The mine production of 

rare earths in China and India remained the same which was 1,05,000 tons and 1700 tons 

respectively. The mine production of rare earths in Russia and Brazil increased from 2,800 tons 

in 2015 to 3,000 tons in 2016 and 880 tons in 2015 to 1,100 tons in 2016 respectively. 

 

 

Figure 2.5 Neodymium production [Gg] per year based on the neodymium percentage of total 
rare earth production [9]. 

 

2.2 Occurrence of neodymium 

 Neodymium is not found in nature as a free element. Neodymium occurs in ores such as 

monazite and bastnaesite that contain small amounts of all rare earth metals. Therefore, it has to 

be refined electrolytically for general use. The main mining areas are in China, the United States, 

Brazil, India, Sri Lanka, and Australia. The reserves of neodymium are estimated at about eight 

million tones. The bulk of current production is from China. 
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Figure 2.6 Geographical distribution of neodymium primary production 1900-2014 [9]. 

 

2.3 Supply and demand of rare earth elements 

Because of the increased use of rare earth elements in various technologies such as 

clean energy, consumer electronics and military, the demand for the production of rare earth 

elements has also increased proportionally. Although, it is difficult to make exact predictions of 

demand in future years, analysts have estimated the final growth for total rare earth elements 

demand at 5% and 9% over the next 25 years. One of the key features of rare earth element 

demand is that demand does not grow uniformly for individual rare earth elements, but rather 

depends on growth in the markets for derivative products of the individual rare earth elements. 

Demand for dysprosium, for example, is largely derived from demand in the clean energy 

sector for wind turbines and electric motors [10]. Since raw materials are unequally distributed 
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across the earth, their supply is commonly subject to vulnerability. There are many potential 

disturbances: global companies may arise trying to obtain market power, suppliers may delay 

deliveries, or producing countries may be politically unstable, to name just a few examples. 

Additionally, due to the market’s global interconnections, policy measures taken by single 

governments can hardly exert influence. This framework poses particularly big problems in the 

case of resources with limited substitutability. The market for rare earth elements is highly 

vulnerable in this respect because currently 97% of mine production originates from one 

country - China [11]. This fact results in a notable import dependency for most other countries. 

Predominantly industrialized countries with a substantial share of high-tech industries are 

affected, e.g. the USA as well as many EU member states are 100% import-reliant [12]. Due to 

the unique properties, each rare-earth element has its own functionalities in a particular 

technology that cannot be replaced by any other element, which makes the demand for the rare-

earth elements rise up. It is difficult to estimate how much of which specific rare- earth element 

will be needed in the future because the demand is driven by rapidly evolving technologies that 

are further influenced by the prices of rare-earth elements and the policies from the 

government, such as the quest for renewable energy sources, meeting of all the required 

environmental standards during the mining of the rare-earth elements etc. In addition, all rare- 

earth elements occur jointly in each of deposit, which means mining of one particular heavy 

rare- earth element will result in production of unwanted light rare-earth elements as well or 

vice versa. This may result in a situation where undersupply of rare-earth elements could 

happen simultaneously with oversupply resulting in low prices of light rare-earth elements [13]. 

Conversely, changes in supply of individual REEs often correspond to changes in the entire 

supply chain, due to the presence of co-mining. That is, because different rare earth oxides 

(REOs) do not appear in deposits separately, and thus are mined and processed together, 

changes in the supply of one particular REE generally reflect the change in the supply of REEs 

in general. It is important to note that out of the 17 REEs, significant data on supply and 

demand is only available for the following ten elements: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, 

and Y [10].  
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Figure 2.7 Evolution of market distribution of rare earth elements demand: Total (left) and 
individual rare earth elements market share (right) [10]. 

 

2.4 Supply and demand of neodymium 

A material would be said as critical if it has high demand in common applications but 

there are high risks to the supply of the material. Neodymium is considered a critical material 

in the department of energy’s critical materials strategy initially identified as such in 2011. The 

demand for neodymium-iron-boron (NdFeB) magnets is the driving force for the light rare 

earth elements (LREE) which means that sufficient quantities of rare earth elements ores have 

to be mined in order to meet the demand of neodymium. According to the research group 

IMARC, the market for the neodymium-iron-boron magnet used for the magnetic motors is 

now worth more than $11.3 billion. More pressure will be added on already constrained 

neodymium market with a move by Tesla to a magnetic motor for its Model 3 Long Range car. 

With the growing demand for electric vehicles, the demand for neodymium will also increase. 

It shows the way the industry is moving and the direction of demand for neodymium. Tesla’s 

decision to switch to permanent magnets has completely changed the dynamics of the market
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 Figure 2.8 Global demand vs Balance from 2015 to 2020 [14] . 

The above chart shows the comparison between global demand and supply for 

neodymium. Keeping demand and supply in balance is a constant struggle. As shown in the chart 

above, the global demand of 31,700 tones for neodymium last year outstripped the supply by 

3,300 tones. The outstripped supply is shown on the negative Y-axis. This year, global demand 

for neodymium is expected to be 34,200 tons, which will outstrip the supply, by 3,400 tones. The 

global demand for neodymium next year is expected to climb up to 38,800 tones. 
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 Figure 2.9 Neodymium prices over years from 2008 to 2017 [14]. 

The consequences of neodymium supply risks can be observed from the above plot, 

which shows the market shock and price of neodymium in 2010. The price of neodymium in 

2011 was almost 10 times the price in the previous year. The price of neodymium is now about 

$70 a kg; well below the $500 spot price after China held back shipment to Japan in 2010 

during a row over fishing on disputed islands but it is still 40% higher than at the start of 2017. 

The issue between Japan and China had been resolved over disputed islands row but the 

Japanese trading firm source claimed that Chinese exports were still being delayed by pre-

shipment checks. China imposed strict quotas across a range of rare earth metals in 2010, 

saying it wanted to control pollution and preserve resources, which is the reason why 
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neodymium price rocketed to $500 around 2010. China resumed the exports of neodymium in 

2015, which stabilized the price of neodymium around $70 a kg [14]. 

  

2.5 Applications of rare earth elements 

The uses, applications, and demand for rare-earth elements have expanded over the years. 

Rare earth elements are widely used in batteries. The demand for batteries is driven by the 

demand for electronic devices. As the demand for electronic devices (cell phones, computers 

etc.) increases significantly, the demand for batteries has increased which corresponds to 

increase in the demand for rare earth metals. Rare earth metals and alloys that contain them have 

become essential for high tech industries where they have been applied in various fields such as: 

cell phones, electric cars, MRI machines, camera lenses, light bulbs, permanent magnets, 

rechargeable batteries, hard drives, lasers, televisions and many more. There has been a 

tremendous increase in demand for rare earth metals during the past few years. The use of cell 

phones has increased to almost 7.5 billion from very few cell phones during these twenty years. 

The trend went almost the same for computers. The amount of rare-earth elements used in the 

batteries that every electric vehicle, electric traction motors, regenerative braking systems of 

each hybrid-electric vehicle is 20 kg. An increasingly important area of rare earth use is low-

carbon technologies. Large wind turbines can each use up to 2 tones of high-strength magnets 

which contain about 30% rare-earth elements. Demand for rare-earth elements is expected to 

increase continuously over the next few years [15]. Because rare earth metals are stronger, 

lighter and more efficient than induction motors, several auto makers have already started to use 

permanent magnet motors that depend on the rare earth metals. For example; Tesla (who has 

based its future only on the electric vehicle) is making a shift to neodymium. An upcoming 

version of Tesla's electric car motor is expected to use neodymium. Electric motors of each 

Toyota Prius require one kilogram of neodymium, and each battery uses 10 to 15 kg of 

lanthanum [16]. 
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Table 2.1 Main industrial applications of rare earth elements [17]. 

Rare-earth element       Symbol  Application 

Scandium  Sc High-strength Al-Sc alloys, electron beam tubes 

Yttrium  Y              Capacitors, phosphors, microwave filters, glasses, oxygen 

sensors, radars, lasers, superconductors 

Lanthanum La Glasses, ceramics, car catalysts, phosphors, pigments 

Cerium Ce Polishing powders, ceramics, phosphors, glasses, catalysts 

Praseodymium Pr Ceramics, glasses, pigments 

Neodymium Nd Permanent magnets, catalysts, IR filters, pigments for glass 

Promethium Pm Sources for measuring devices, miniature nuclear batteries, 

phosphors 

Samarium Sm Permanent magnets, microwave filters, nuclear industry 

Europium Eu Phosphors 

Terbium Tb Phosphors 

Dysprosium Dy Phosphors, ceramics, nuclear industry 

Holmium Ho Ceramics, lasers, nuclear industry 

Erbium Er Ceramics, dyes for glass, optical fibers, lasers, nuclear industry 

Ytterbium Yb Metallurgy, chemical industry 

Lutetium Lu Single crystal scintillators 

Thulium Tm Electron bean tubes, visualization of images in medicine 

Gadolinium Gd             Visualization of images in medicine, optical and magnetic 

detection, ceramics, glasses, crystal scintillators 

 

As shown in the table 2.1, there are many applications of rare-earth elements in various 

industries. Therefore, researchers have been trying to find different ways to reduce the rare- earth 

elements from their respective rare-earth oxides in an economical and efficient way.  
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Figure 2.10 Uses in the United States as reported by the Unites States Geological Survey Mineral 
Commodity Summary [4]. 

 

Figure 2.10 shows the use of rare earth elements in the United States in various 

technical and non- technical fields. 55% of the rare earth elements are used to make rare earth 

catalysts, which are used by many vehicles for their exhaust systems for air pollution control. 

Addition of rare earth metals in the alloys make them more durable. Cerium oxide powder is 

often used to polish glass, granite, marble, ceramics and gemstones. Phosphors used in digital 

displays, monitors, and televisions are created with rare earth oxides. Electronics like cell 

phone, computer and electric vehicle batteries are made from rare earth metals. Magnets in 

many motors and generators are made with rare earth elements. 

 

2.6 Applications of neodymium 

 Neodymium magnets (actually an alloy, Nd2Fe14B) are the strongest permanent 

magnets known. As, the use of a stronger magnet results in requiring less mass for an 

equivalently performing generator or electric engine, compared to traditional iron-based 

electromagnets, neodymium magnets are very attractive for this application because of its high 

magnetic capacity per weight. A neodymium magnet of a few grams can lift a thousand times 
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its own weight. Therefore, neodymium is used in electric motors of hybrid and electric 

automobiles, and in the electricity generators of some designs of commercial wind turbines. In 

addition, these magnets are cheaper, lighter, and stronger than samarium-cobalt magnets [18]. 

Neodymium magnets also appear in products such as microphones, professional loudspeakers, 

in-ear headphones, guitar, and computer hard disks where low mass, small volume or strong 

magnetic fields are required. 

Neodymium also has applications in optical and laser materials. Certain materials with a 

small concentration of neodymium ions can be used in lasers as gain media for infrared 

wavelengths. Neodymium glass solid-state lasers are used in extremely high power, higher 

energy multiple beam systems for inertial confinement fusion that is a type of fusion energy 

research that attempts to initiate nuclear fusion reactions by heating and compressing a fuel 

target, typically in the form of a pellet that most often contains a mixture of deuterium and 

tritium. Inclusion of neodymium oxide (Nd2O3) in the glass melt produces neodymium glass. 

Neodymium glass appears bluish-purple in daylight, but it appears pale blue under fluorescent 

lighting. Neodymium may be used to color glass in delicate shades ranging from pure violet 

through wine-red and warm grey. Similarly, neodymium glass filters out yellow to produce 

richer, more vivid colors.  

 

  

Figure 2.11 Applications of neodymium in various fields [19] . 
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Figure 2.11 shows that neodymium has minor applications in various fields such as 

polishing, glass, ceramics, catalysts, metallurgy but has major application in magnets. The 

percentages of neodymium applications in magnets, ceramics, phosphors, metallurgy, catalysts, 

polishing, glass and others are shown in the figure 2.11. 

 

2.7 Electrolytic processes for production of neodymium metal from neodymium oxide 

2.7.1 Chloride electrolysis 

 Neodymium metal can be commercially produced by the electrolysis of anhydrous 

chlorides. The electrolyte consists of the rare earth chlorides and alkali or alkaline-earth 

chlorides. This process should be carried out at a temperature over the melting point of 

neodymium, which is 1021℃. This temperature may be very high for chloride baths because of 

the vapor pressure of the electrolytes. The current efficiency may be very low because of the 

solubility of neodymium in the neodymium-chloride based bath. The economics of this process 

may suffer because the chlorine gas that is produced during the process needs to be disposed of 

and the economics could also be affected due to the cost of high purity chloride salts. However, 

if the operating temperature of the process is lowered to 650℃, the solubility of neodymium in 

the electrolyte would be substantially decreased which in turn will increase the current 

efficiency. This will allow neodymium to be produced at a reasonable current density. 

Neodymium produced by this method may have high levels of aluminum and silicon impurities 

because of the reaction with the fire clay refractory lining of the cell container. The chloride 

electrolysis of neodymium from neodymium oxide can be a viable option if operated at 

temperature of 650℃ [20].  

2.7.2 Electrolysis of neodymium oxide with carbon 

Neodymium oxide is the most readily available compound for production of neodymium 

metal or alloys. The neodymium oxide, Nd2O3, can be reduced to obtain the metal: 

               2Nd2O3 + 3C = 4Nd + 3CO2;                                                                                   (2-1) 

By the following electrochemical reactions: 

 at cathode:  

               Nd2O3  + 6e  = 2Nd + 3O2 -                                                             (2-2) 

and at the anode: 
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     Nd2O3 + 3C = 2Nd3++ 3CO2 + 6e-                                                                            (2-3) 

 

These equations represent the overall reactions. Carbon anodes are employed to 

introduce minimal metallic contaminants. The use of oxygen-evolving anodes would lead to 

undesirable impurities in the electrolyte, and consequently, in the metal [21].  

 

2.7.3 Calciothermic reduction of neodymium fluoride to neodymium metal  

In this process, a metal is prepared under non-oxidizing atmosphere. It consists 

essentially of calcium chloride and a higher density metal alloy phase consisting of neodymium. 

Neodymium fluoride is added to the metal along with the calcium metal in an amount sufficient 

to reduce a desired amount of the neodymium fluoride. The metal is stirred, and temperature is 

maintained in the range of about 825°𝐶 to 9000C. The calcium reacts with neodymium fluoride 

to form calcium fluoride and neodymium metal [22]. However, there are some disadvantages of 

the calciothermic reduction process: NdF3 is an expensive form of neodymium, calcium is an 

expensive reductant and the process requires the high temperatures [23]. The other method for 

reducing Nd2O3 to neodymium metal is electrowinning, which is explained in detail in the next 

topic.  

 

2.7.4 Electrowinning 

Electrowinning was discovered when the English chemist Humphry Davy obtained 

sodium metal in elemental form for the first time in 1807 by the electrolysis of molten sodium 

hydroxide [25]. Electrowinning is the electrodeposition of metals from their ores. Most of the 

metals occur in nature in their oxidized form and thus must be reduced to their metallic forms. 

In electrowinning, the oxide is dissolved in the electrolyte and the resulting molten salt is 

electrolyzed by applying a direct current across an anode and cathode that are submerged in the 

electrolyte causing the metal to deposit on the cathode and oxygen evolution at the anode. 

There are a number of aqueous solutions, which can be used as electrolytes for electrowinning, 

but these should be chosen very carefully depending upon the nature of the metal that is to be 

reduced. The cathodic reaction is the reduction of Nd2O3 to neodymium metal and the anodic 

reaction is generally oxygen, chlorine or carbon dioxide evolution. Electrowinning is different 
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from electro refining as in electro refining, the metal values are transported to the cathode are 

purified. The cells and electrical circuitry are otherwise similar in both the techniques, although 

voltages applied during electrowinning are higher [24]. It is very important to choose the 

electrolyte for electrowinning experiments very carefully. Any liquid that has right properties 

may be used as an electrolyte. However, as the introduction of cleaner technologies has become 

a major concern throughout both industry and academia, the search for alternatives to the most 

dangerous solvents has become a high priority. Solvents are high on the list of damaging 

chemicals for two simple reasons: (1) they are used in huge amounts and (2) they are usually 

volatile liquids that are difficult to contain or are toxic. The electrolytes for this project were 

room temperature ionic liquids. Fused salts are liquids containing only ions, ionic liquids. It is 

possible, by careful choice of starting materials, to prepare ionic liquids that are liquid at and 

below room temperature. So, the room temperature ionic liquids were used for electrowinning 

in this project because they have many physical properties, which make them suitable for 

electrowinning. Some simple physical properties of the ionic liquids that make them interesting 

as potential solvents for synthesis are the following: (a) they are good solvents for a wide range 

of both inorganic and organic materials, and unusual combinations of reagents can be brought 

into the same phase. (b) they are often composed of poorly coordinating ions, so they have the 

potential to be polar yet non-coordinating solvents. (c) they are immiscible with a number of 

organic solvents and provide a non-aqueous, polar alternative for two-phase systems. 

Hydrophobic ionic liquids can also be used as immiscible polar phases with water. (d) they are 

nonvolatile; hence they may be used in high-vacuum systems and eliminate many containment 

problems. They have low vapor pressure. The development of ionic liquids that are air and 

moisture stable has provided renewed vigor in ionic liquid chemistry [25].  

Electrowinning is performed in two steps: (a) the first step is electrochemical 

experiments i.e. cyclic voltammetric experiments. The goal of the cyclic voltammetric 

experiments is to evaluate the viability whether an oxide can be reduced or not. The cyclic 

voltammetric graph is plotted as Voltage vs Current. If the cyclic voltammetric curve gives a 

reduction peak, it means the dissolved oxide or salt in the electrolyte can be reduced to its 

respective metallic form. The set up for cyclic voltammetric experiments generally consists of 

working electrode, counter electrode and a reference electrode. There are many parameters, 

which affect the cyclic voltammetric graph: scan rate, surface area of electrodes, number of 
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cycles, type of working, counter and reference electrode, initial voltage, and final voltage. (b) 

the second step is the electrodeposition experiments. Firstly, the voltage at which reduction 

peak is evident, is noted down which can be found very easily from the cyclic voltammetric 

data. Then, a constant voltage of that magnitude is applied between working electrode and 

counter electrode. The reduced metal gets deposited on the working electrode during this 

experiment which is confirmed using scanning electron microscopy (SEM) and energy 

dispersive X-ray diffraction (EDX). EDAX ZAF quantification gives the percentages of species 

found in EDX spectra. The time of the electrodeposition experiment depends upon the many 

factors, which are temperature of the electrolyte, properties of the electrolyte, type of working 

and counter electrode and stirring rate of the electrolyte. 

 The salt used for this project was Nd2O3. The room-temperature ionic liquids (RTILs) based on 

hydrogen cations with bis(trifluoromethyl sulfonyl)imide anions was applied as novel 

electrolytic solution. The cyclic voltammetric experiments were performed to evaluate the 

viability of Nd2O3 being reduced to Nd metal. Then electrodeposition experiments were 

performed to deposit the reduced neodymium on the working electrode and the deposits were 

analyzed by scanning electron microscopy (SEM) and energy dispersive X-ray diffraction 

(EDX). 

 

 

 

 

 

 

 

 



                                                                          22 
 

                                                             CHAPTER THREE 

   EXPERIMENTAL SET UP & SYNTHESIS OF ROOM TEMPERATURE IONIC LIQUID  

Experiments were carried out in the Laboratories of the Kroll Institute for Extractive 

Metallurgy at the Colorado School of Mines. Chapter 3 provides the information about 

electrolyte composition, electrochemical cell and experimental procedures. Section 3.1 provides 

the information about the chemicals used for this study with information regarding the associated 

source and purity. Section 3.2 describes in detail the components of the electrochemical cell used 

for this study. Section 3.3 describes in detail how the electrolyte solution for electrowinning 

experiments was prepared. It also provides the information regarding the synthesis of the 

Nd(TFSI)3 salt. Section 3.4 explains how the quantities required for synthesizing the salt and 

preparing the electrolyte were calculated. Lastly, all of the experimental procedures used in this 

study are discussed.  

 

3.1 List of chemicals used 

Table 3.1 List of the chemicals used for this project. 

Chemical name Abbreviatio
n 

Molecula
r 

weight(g) 

Purity 
(%) 

 Manufacturer 

Neodymium oxide Nd2O3 336.48 99.9        Neo chemicals 

Bis(trifluoromethyl 
sulfonyl)imide 

C2HF6NO4S
2 

281.16 99 Ionic liquid 
technologies 

Trimethyl phosphate (CH3)3PO4 140.08    99 Oakwood chemical 

Dichloromethane CH2Cl2 84.93 99.9  Sigma-Aldrich 

  

All of these chemicals were used without any further purification. All the chemicals 

were always kept dry. 
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3.2 Electrochemical cell 

The electrochemical cell used for this study was developed from scratch. The 

electrochemical cell consisted of a 1000 ml pyrex glass beaker from Allen Scientific. The top of 

the 1000 ml beaker was covered by a lid, which had six openings of different diameters. Three 

openings were for inserting the working, counter and reference electrode, one opening for 

inserting the thermocouple and the remaining two openings were for both the argon gas inlet and 

argon gas outlet. The cyclic voltammetric experiments were performed using a three-electrode 

cell consisting of working electrode (cathode), counter electrode (anode) and a reference 

electrode. It was very important to choose the electrodes carefully because interaction between 

electrodes and the medium should not lead to unwanted reaction. Inert gas atmosphere in the set 

up was provided using an argon gas cylinder. The temperature of the electrolyte was monitored 

by inserting a thermocouple in the electrochemical cell. An electrochemical analyzer (Gamry 

Interface 1010) was connected to the set up through electric wires to carry out electrochemical 

measurements. The green, red and white electric wires were connected to working, counter and 

reference electrode respectively. The gamry potentiostat was controlled with a desktop computer. 

All the cyclic voltammetric experiments were performed without using a magnetic stirrer so that 

the electrolyte was in the steady state. The electrodeposition experiments were performed using a 

two-electrode cell consisting of working electrode (cathode) and counter electrode (anode). The 

electrodeposition experiments were performed with a magnetic stirrer in the pyrex glass beaker 

which enhanced the deposition rate and reduced the time of electrodeposition. 

 

 

Figure 3.1 Block diagram of the electrochemical set up used for this study.

Pyrex glass beaker

Thermocouple

Gamry potentiostat

Counter electrode

Hot plate

Working electrode

Reference electrode

To the duct

Argon gas cylinder

Argon gas inlet

Argon gas outlet



                                                                          24 
 

Figure 3.2 Electrochemical set up used in the lab for the experiments. 

         The chemicals used as electrolyte for the electrowinning experiments were very toxic and 

hazardous. It could be very dangerous for the environment and the people working around if any 

fumes were allowed to come out of the system. So, for safety and better regulation of argon 

atmosphere, it was decided to place the setup in the glove bag (an inexpensive, portable 

alternative to the glove box and was well suited to a variety of tasks and materials). 
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 Figure 3.3 Electrochemical set up placed in the glove bag.  

 Using a glove bag was economical but it was very time consuming and cumbersome to 

open the glove bag after every experiment and then clamp it again for the next experiment. The 

glove bag could be reused but the quality of the glove bag degraded after opening and closing the 

glove bag repeatedly. In addition, the glove bag had to be cut through four places to insert the hot 

plate cable, argon gas inlet and outlet and the potentiostat wires, which disturbed the proper 

regulation of the argon gas atmosphere. In addition, the governance of the gloves was difficult. 

The one of the main reasons which made the decision not to use glove bag sure was that it was 

impossible to transfer the solution from outside into the glove bag without disturbing the argon 

gas atmosphere. Therefore, it was not sure after few experiments that whether the atmosphere in 

the glove bag was inert or not. So, to make sure that environment and people working around in 

the laboratory were safe, it was decided to use the glove box instead of the glove bag. 

A glove box is a sealed container that is designed to allow one to manipulate objects 

where a separate atmosphere is desired. Built into the sides of the glove box are gloves 
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arranged in such a way that the user can place their hands into the gloves and perform tasks 

inside the box without breaking containment. Part of the box was transparent to see what was 

being manipulated. Four holes were drilled on the back of glove box to pass hot plate supply 

cable, power supple cable, potentiostat cable through the glove box. There was an antechamber 

connected to the left side of the glove box to transfer the solution, electrodes etc. when needed 

without disturbing the inert atmosphere in the glove box. 

Figure 3.4 Electrochemical set up placed in the glove box. 

 

3.3 Preparation of the electrolyte 

 The electrolyte for the electrochemical and electrodeposition experiments was 

prepared in six steps. It was necessary to synthesize the rare earth salt with TFSI anion in 

order to dissolve the salt in RTIL. These steps included the first four steps of synthesizing the 

salt, the fifth step included grinding the synthesized salt to fine particle size with mortar and 

pestle and the final step was to mix the ground salt with the trimethyl phosphate. The utmost 

care was taken while synthesizing the salt because all the electrochemical and 
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electrodeposition experiments were dependent upon the quality of the salt. All the steps for 

synthesis of the Nd(TFSI)3 salt were performed in the fume hood to handle the hazardous 

chemicals carefully. Construction of the salts and solutions was very important for the success 

of subsequent work. 

Abbreviations used: HTFSI- bis(trifluoromethyl sulfonyl)imide acid 

                                  TMP- trimethyl phosphate   

                                  DCM- dichloromethane 

  The following flowchart shows all the steps for the preparation of the electroly

 

Figure 3.5 Flowchart showing the steps for the preparation of the electrolyte solution.  

 These steps are explained in detail as follows: 

3.3.1 Reflux 

 The very first step in synthesis of the salt was refluxing. Reflux is a technique 

involving the condensation of vapors and the return of this condensate to the system from 

which it originated. It also allows heating for a long time without losing the volatile reactants 

and products. Refluxing helps speed up chemical reactions without having it evaporate or 
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explode. By cooling, the vapors before it escapes the system, the apparatus is able to not only 

maintain a constant volume of solution but also induce reactions [26]. 

The Nd(TFSI)3 salt was prepared by the reaction of Nd2O3 with bis(trifluoromethyl 

sulfonyl)imide acid (abbreviated as HTFSI)  at 100℃. A condenser was attached to the boiling 

flask so that any vapor could condense on the cool surface of the attached condenser and flow 

back into the flask. The duration of the refluxing step was 10 hours.  

 

  

Figure 3.6 Block diagram of the refluxing set up.
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3.3.2 Distillation 

 The second step in synthesis of the Nd(TFSI)3 salt was distillation. Distillation is the 

process of separating the components or substances from a liquid mixture by boiling and 

condensation. Distillation exploits differences in the volatility of the mixture's components. 

The liquid was poured into a distilling flask and the distilling flask was placed over the heat 

source. A condenser was connected through this first flask to second flask and the distilled 

unreacted acid components were collected in the second flask leaving behind only 

Nd(TFSI)3 salt in the first boiling flask. A thermometer was also inserted through the first 

boiling flask to monitor the temperature. 

 

Figure 3.7 Refluxing set up used in the laboratory. 
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Figure 3.8 Block diagram of the distillation set up. 
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3.3.3 Washing 

The third step in synthesis of Nd(TFSI)3 was washing. The process of synthesizing and 

isolating an organic compound often results in an organic compound or solution contaminated 

with traces of water. In addition, many reactions themselves are performed in an aqueous 

solution. This water must be removed before the required compound can be properly 

characterized. The salt obtained after distillation might have some impurities or traces of water. 

Therefore, it was necessary to wash the salt to remove the any impurities or traces of water. 

Nd(TFSI)3 salt was washed with dichloromethane to remove all the residual impurities or water. 

Figure 3.9 Distillation set up used in the laboratory. 
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 Figure 3.10 Block diagram of the washing set up.  

 

  

 

  

 

 

 

 

 

  

Figure 3.11 Washing set up used in the laboratory.  
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3.3.4 Drying of the Nd(TFSI)3 salt 

The fourth and the final step in the synthesis of the salt was drying. Nd(TFSI)3 salt was 

dried in oven under vacuum for 48-72 hours at 80-100℃. 

 

3.3.5 Grinding of Nd(TFSI)3 salt to fine particle size 

 The fifth step in the preparation of the electrolyte was grinding the dried salt to fine 

particle size which facilitated the dissolution of the salt in trimethyl phosphate. The dried 

Nd(TFSI)3 salt was transferred to the glove box immediately. This is because the salt was very 

hygroscopic. The salt then was ground to the finer particle size using a clean agate mortar and 

Figure 3.12 Oven used in the laboratory.  
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pestle. 

 

Figure 3.13 Nd(TFSI)3 salt after drying it for more than 48 hours.  

 

 

 

Figure 3.14 Nd(TFSI)3 salt after grinding it with clean agate mortar and pestle. 
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 3.3.6 Mixing of ground Nd(TFSI)3 with trimethyl phosphate 

 The final step in the preparation of the electrolyte was mixing the ground 

Nd(TFSI)3 salt with trimethyl phosphate. The ground Nd(TFSI)3 salt was then dissolved 

in trimethyl phosphate which was a very fast dissolution process and took few seconds 

to get dissolved. 

The electrolyte was then ready to be used for the experiments. 

3.4 Calculations for the salt synthesis  

 This section explains how the required quantities of Nd2O3 and HTFSI acid for 
synthesizing the desired concentration of Nd(TFSI)3 were calculated. 

 

Table 3.2 Required quantities of Nd2O3 and HTFSI acid for synthesizing the 
desired concentration of Nd(TFSI)3 salt with desired concentration. 

Required concentration of 
Nd(TFSI)3 salt in 250 ml 

TMP 

Required quantities of 
reactants 

Produced 
quantity of 
Nd(TFSI)3 Nd2O3 HTFSI 

0.5% 1.8g 9g 10.57g 
2% 8

g 
40g 42.92g 

3% 11g 55g 65.05g 

 

The calculations mentioned in table 3.2. were calculated as follows: 

             The reaction for dissolving Nd2O3 and HTFSI was as follows: 

 𝑁𝑑2𝑂3 + 6𝐻𝑇𝐹𝑆𝐼 → 2𝑁𝑑(𝑇𝐹𝑆𝐼)3 + 3𝐻2𝑂 … … (3 − 1)  
 

For 0.5% Nd(TFSI)3 in 250 ml TMP, using the mole fraction formula; 𝑋𝑁𝑑(𝑇𝐹𝑆𝐼)3 =  𝑁𝑁𝑑(𝑇𝐹𝑆𝐼)3𝑁𝑁𝑑(𝑇𝐹𝑆𝐼)3 + 𝑁𝑇𝑀𝑃 … … (3 − 2) 

 

Where;  

XNd(TFSI)3 = mole fraction of Nd(TFSI)3 

NNd(TFSI)3 = moles of Nd(TFSI)3 

NTMP = moles of TMP 
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              Quantities that were known: 

              Density of TMP = 1.197 g/ml 

Formula weight of TMP = 140.075 g 

Formula weight of Nd(TFSI)3 = 984.689 g 

Required mole concentration of Nd(TFSI)3 = 0.5% 

So, mole fraction of Nd(TFSI)3 = 𝑋𝑁𝑑(𝑇𝐹𝑆𝐼)3 = 0.5% … … (3 − 3)   𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑀𝑃(𝑁𝑇𝑀𝑃) =  𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑇𝑀𝑃𝐹𝑜𝑟𝑚𝑢𝑙𝑎 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑇𝑀𝑃 

 =  𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑇𝑀𝑃 × 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑇𝑀𝑃𝐹𝑜𝑟𝑚𝑢𝑙𝑎 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑇𝑀𝑃  

 =  250 × 1.197140.075 = 2.14 … … . (3 − 4) 

) & (  0.5 100  =  𝑁𝑑(𝑇𝐹𝑆𝐼)3𝑁𝑑(𝑇𝐹𝑆𝐼)3 + 2.14 

 𝑁𝑑(𝑇𝐹𝑆𝐼)3 = 0.010 

ng Using sto                                           stoichiometry for (1); 

 𝑁𝑁𝑑2𝑂3 = 0.0054 & 𝑁𝐻𝑇𝐹𝑆𝐼 = 0.0324 ; 

 𝑊𝑁𝑑2𝑂3 = 1.8 𝑔 & 𝑊𝐻𝑇𝐹𝑆𝐼 = 9 𝑔 

So, the amounts required to produce 0.5% Nd(TFSI)3 salt were 1.8 g and 9 g 

respectively. 

Similarly, the weights of Nd2O3 and HTFSI to produce 2% and 3% 

Nd(TFSI)3 were calculated using the procedure explained above. 
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                                                               CHAPTER 4 

                                                RESULTS & DISCUSSIONS 

 This chapter describes in detail how the cyclic voltammetric experiments and          

electrodeposition experiments were performed. Section 4.1 explains the cyclic voltammetric 

experiments and section 4.2 explains the electrodeposition of neodymium deposits on the copper 

cathode and scanning electron microscopic analysis of the neodymium deposits. 

The goal of this investigation was to evaluate the viability of reduction of neodymium 

oxide to neodymium metal by cyclic voltammetric experiments and then analyze the 

neodymium deposited on the working electrode (copper) using scanning electron microscopy. 

 

4.1 Electrochemical measurements (cyclic voltammetric measurements) 

For electrochemical measurements, cyclic voltammetric experiments were performed at 

various operating temperatures by using an electrochemical analyzer (Gamry potentiostat). 

Cyclic voltammetry is a potentiodynamic electrochemical measurement. Cyclic 

voltammogram consists of two peaks: cathodic peak, which corresponds to reduction at the 

working electrode, and an anodic peak, which corresponds to oxidation. A cyclic voltammetric 

system consists of an electrolytic cell (consisting of working electrode, counter electrode, 

reference electrode and electrolytic solution) and a potentiostat. In cyclic voltammetry, the 

working electrode’s potential is varied linearly with time, while the reference electrode 

maintains a constant potential. 

The counter electrode conducts electricity to the working electrode. The purpose of 

electrolytic solution is to provide ions to the electrodes during oxidation and reduction. The 

potentiostat uses a direct current power source to produce a potential which can be maintained 

and accurately determined, while allowing a small current to be drawn into the system without 

changing the voltage. Gamry potentiostat plots the current at working electrode versus the 

applied voltage to produce the cyclic voltammogram. There are various operating parameters 

to be set before running the cyclic voltammetric experiment, which are initial voltage, final 

voltage, scan limit, scan rate, step size, number of cycles, maximum current, and equilibrium 

time. Working electrode, counter electrode and reference electrode for cyclic voltammetry 

experiments should be chosen very carefully. The surface area of counter electrode should be 

at least ten times the surface area of working electrode. The electrodes were polished by sand 
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paper, cleaned in nitric acid, rinsed with deionized water and dried before and after all the 

experiments. The electrodes were always kept dry [27]. Five sets of cyclic voltammetric 

experiments were performed by changing different parameters such as type of electrodes, 

surface area of the electrodes, concentration of the synthesized salt and volume of the 

electrolyte. The first four sets did not turn out to be successful and did not produce decent 

cyclic voltammograms. All sets of experiments are briefly described as follows: 

 

4.1.1 First, set of cyclic voltammetric experiments 

 In the first set of experiments, the ionic liquid system used was 2 mol% Nd(TFSI)3 salt 

in 250 ml of trimethyl phosphate. To make 250 ml of 2 mol% Nd (TFSI)3, the required 

quantities of Nd2O3 and HTFSI acid were obtained from the table 1 in section 3.3 which are 8g 

and 40g respectively. The working electrode, counter electrode and reference electrode used in 

this set of experiments were platinum wire (0.025 mm dia., 99.95%), platinum wire (1 mm dia., 

99.997%) and silver wire (0.635 mm) respectively. All the electrodes were polished by sand 

paper, cleaned in nitric acid, rinsed with deionized water and dried before and after all the 

experiments. The cyclic voltammogram obtained using these parameters is as follows: 

 

 

Figure 4.1 Cyclic voltammogram with scan rate of 5mVs-1 using a Pt electrode in 
2% Nd(III)/[HTFSI] at temperature of 50℃
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Operating parameters for above experiment:  

Initial voltage: 0V 

              Final voltage: -2V 

              Scan rate: 5mVs -1 

               As it can be seen from the cyclic voltammogram above, the curve does not look 

like a normal cyclic voltammetric curve. This voltammogram does not show any reduction 

or anodic peaks. A few more experiments were conducted using the same electrodes and 

same parameters, but all of them produced almost same kind of cyclic voltammograms. 

The reason for the noisy curve might be that silver wire does not behave well as a 

reference electrode. The surface area of counter electrode was not at least ten times larger 

than the surface area of working electrode. As described above, all the electrodes should be 

chosen very carefully. 

 

4.1.2 Second, set of cyclic voltammetric experiments 

In the second set of experiments, ionic liquid system used was same: 2 mol % 

Nd(TFSI)3 in 250 ml of trimethyl phosphate. 

            To overcome the noise in the cyclic voltammogram, the following changes were  

made for the second set of experiments: 

A) The reference electrode was changed to platinum wire from silver wire. The working 

and counter electrode were still the same (platinum wires). 

B) The surface area of counter electrode was at least ten times the surface area of 

working electrode. 
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After applying all the changes mentioned above, the cyclic voltammogram 
produced is as follows: 

 

Operating parameters for above experiment: 
Initial voltage: 0V 
Final voltage: -4V  

Scan rate: 5 mVs -1 

The change of reference electrode from silver wire to platinum wire produced less 

noisy cyclic voltammogram than the first set of experiments but still it was not the curve, 

which showed anodic and cathodic peaks. This cyclic voltammogram was noisy which 

might be because of the large background current to the reference electrode or high 

concentration of Nd(TFSI)3 in trimethyl phosphate. 

Few more experiments were conducted to validate that this set of parameters and 

electrode set up could not produce a clean cyclic voltammogram showing anodic and 

cathodic peaks. In the next experiment, initial voltage during the scan was increased to 

2V from 0V keeping final voltage still the same i.e. -4V. 

Figure 4.2 Figure 4.2 Cyclic voltammogram with scan rate of 5m 

usingaPt electrode in 2% Nd(III)/[HTFSI] at temperature of 50℃. 

 

Figure 4.2 Cyclic voltammogram with scan rate of 5mVs-1 using a Pt electrode 

in 2% Nd(III)/[HTFSI] at temperature of 50℃. 
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Figure 4.3 Cyclic voltammogram with scan rate of 5mVs-1 using a Pt electrode in 2% 
Nd(III)/[HTFSI] at temperature of 50℃. 
 
 

Operating parameters for above experiment: 

 Initial voltage: 2V 

                 Final voltage: -4V  

                 Scan rate: 5 mVs -1 

         There was still noise in the cyclic voltammogram after changing the   initial voltage. 

   For the next experiment, scan rate was increased to 10 mVs -1from 5 mVs -1. The 

temperature of the electrolyte was also increased to 70℃ from 50℃. The working, 

counter and reference electrodes are still the platinum wires, which were used in the 

previous experiments. The cyclic voltammogram obtained is as follows: 
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Figure 4.4 Cyclic voltammogram with scan rate of 10mVs-1 using a Pt electrode in 2% 
Nd(III)/[HTFSI] at temperature of 70℃. 

 

Operating parameters for above experiment:  

Initial voltage: 0V 

  Final voltage: -4V  

  Scan rate: 10 mVs -1 

           The noise was still the same even after increasing the scan rate, temperature and changing 

the initial voltage. This set of experiments also did not produce any cyclic voltammogram having 

clear anodic and cathodic peaks. 

 

4.1.3 Third, set of cyclic voltammetric experiments: 

In the third set of experiments, the ionic liquid system used was the same: 2 mol % 

Nd(TFSI)3 in 250 ml of trimethyl phosphate. 

To overcome the noise in the cyclic voltammogram, the following changes were made for 

the third set of experiments: 

A)The reference electrode was changed to Ag/AgCl from platinum wire. The working and 

counter electrode were still the same (platinum wires). A silver chloride electrode is commonly  
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used in electrochemical measurements. The electrode functions as a redox electrode and the 

equilibrium is between the silver metal (Ag) and its salt- silver chloride (AgCl). The reason 

behind choosing silver/silver chloride as a reference electrode was that it generated very low 

noise  level. 

B)The surface area of working electrode was reduced significantly as compared to the surface 

area of the counter electrode. 

After applying all the changes mentioned above, the cyclic voltammogram produced is as 

follows: 

 

 

Figure 4.5 Cyclic voltammogram with scan rate of 5mVs-1 using a Pt electrode in 2% 
Nd(III)/[HTFSI] at temperature of 50℃. 
Operating parameters for above experiment: 

 Initial voltage: -1.5V 

 Final voltage: -3V  

Scan rate: 5 mVs -1 

After changing the reference electrode to Ag/AgCl, the noise in the cyclic voltammogram 

was significantly reduced but it still did not produce the cyclic voltammogram which could  

depict the cathodic and anodic peaks. Few more experiments were conducted using Ag/AgCl as  
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the reference electrode, but all the cyclic voltammograms showed the same pattern as the above 

cyclic voltammogram. 

4.1.4 Fourth, set of cyclic voltammetric experiments 

In the fourth set of experiments, the ionic liquid system used was the same: 0.5 

mol %  Nd(TFSI)3 in 250 ml of trimethyl phosphate. 

               So, for the fourth set of experiments, the following changes were made: 

A) The concentration of Nd(TFSI)3 in trimethyl phosphate was reduced to 0.5 mol% 

from  2 mol%. 

B) A two-electrode system was used instead of a three-electrode system. The 

working electrode from Basi (100 μm diameter platinum microelectrode) and 

counter electrode was the platinum wire, which was coiled to increase the surface 

area of the counter electrode. The reference electrode wire was also clamped on 

counter electrode along with the counter electrode wire. 

C) The volume of the electrolyte per experiment was also reduced to 10 ml from   

250 ml. After making all these changes, very clean (without any noise) cyclic 

voltammograms were produced but these still did not depict the cathodic and 

anodic peaks. Some of the cyclic voltammograms are as follows: 

 

  

Figure 4.6 Cyclic voltammogram with scan rate of 10mVs-1 using a Pt electrode in 0.5% 
Nd(III)/[HTFSI] at temperature of 50℃. 
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  Operating parameters for above experiment:  

Initial voltage: 0.28V 

              Final voltage: -0.28V  

              Scan rate: 10 mVs -1 

As it can be seen from the curve, the noise was reduced with all the 

changes made in this set of experiments. However, the curve still lacked the 

anodic and cathodic peaks. Therefore, more experiments were conducted 

by changing the initial and final voltages, scan rates and the temperature of 

the electrolyte. 

 

Figure 4.7 Cyclic voltammogram with scan rate of 50mVs-1 using a Pt 

electrode in 0.5% Nd(III)/[HTFSI] at temperature of 70℃. 
 

Operating parameters for above experiment: 

Initial voltage: 0.2V 

Final voltage: -0.2V  

Scan rate: 50 mVs -1 

In the above experiment, scan rate was increased to 50 mVs-1   from 10 50mVs-1 

and the temperature of the electrolyte was also increased to 70℃ from 50℃. The cyclic 

voltammogram produced was very much similar to the previous cyclic voltammogram. 

Few more cyclic voltammetric measurements were conducted. All produced cyclic 

voltammograms exhibited the same pattern.  
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There were not any evident anodic and cathodic peaks observed but these 

voltammograms were very clean unlike the voltammograms in the first, second and third 

set of experiments.  

 

 

Operating parameters for above experiment:  

Initial voltage: 0.2V 

Final voltage: -0.2V 

Scan rate: 50 mVs -1 

 

 

Figure 4.8 Cyclic voltammogram with scan rate of 90mVs-1 using a Pt electrode in 

0.5% Nd(III)/[HTFSI] at temperature of 70℃. 
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Operating parameters for above experiment:  

Initial voltage: 0.2V 

              Final voltage: -0.2V  

              Scan rate: 15 mVs -1 

The above curve gave a cathodic peak around 0.17V, which could depict that 

neodymium salt was being reduced at 0.7V. To confirm it, two more experiments were 

conducted which did not follow the same pattern as the curve above. Therefore, it was 

very hard to say if the cyclic voltammetric curve produced above was a decent one or by 

chance. These two voltammograms are: 

Figure 4.9 Cyclic voltammogram with scan rate of 15mVs-1 using a Pt electrode in 0.5% 

Nd(III)/[HTFSI] at temperature of 70℃. 
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Figure 4.10 Cyclic voltammogram with scan rate of 15mVs-1 using a Pt electrode in 0.5% 
Nd(III)/[HTFSI] at temperature of 70℃. 

 

Operating parameters for above experiment:  

Initial voltage: 0.2V 

Final voltage: -0.24V  

Scan rate: 15 mVs -1 
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            Operating parameters for above experiment: 

Initial voltage: 0.28V 

              Final voltage: -0.2V  

              Scan rate: 5 mVs -1 

 

Thus, the fourth set of cyclic voltammetric experiments reduced the noise to 

almost negligible. One of the voltammograms also showed a reduction peak but it 

was not confirmed by the other voltammograms operated with the same parameters. 

 

 

 

 

 

Figure 4.11 Cyclic voltammogram with scan rate of 5mVs-1 using a Pt electrode in 0.5% 

Nd(III)/[HTFSI] at temperature of 70℃. 
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4.1.5 Fifth, set of cyclic voltammetric experiments 

No cathodic or anodic peaks are evident in the above cyclic 

voltammograms. The reasons for not getting the cyclic voltammogram with 

evident cathodic and anodic peaks are listed below: 

 

A) In all of the previous experiments, only 10 g of Nd(TFSI)3 were added in 250 ml 

of TMP which was too low because TMP does not conduct by itself. So, in the 

fifth set of experiments, 1.2 g of Nd(TFSI)3 were added in every 9 ml of TMP. 

Therefore, in this set of experiments, small batch of solution was used as an 

electrolyte for the experiment instead of large batch of solution. 

B) The concentration of Nd(TFSI)3 was also increased to 3 mol % from 0.5 mol% so 

that TMP could conduct electricity to reduce the neodymium salt to neodymium. 

C) A two-electrode system was used. The working electrode was platinum 

microelectrode (as used in previous set of experiments) from BASI.INC and the 

counter electrode in this set of experiments was also from BASI.INC (coiled 

platinum wire auxiliary electrode). The counter platinum electrode had a coiled 

platinum wire so that more surface area of the counter electrode was introduced 

as compared to the working electrode. 

D) It was made sure that the tip of working electrode only touched the electrolyte 

and did not go inside the electrolyte otherwise the current would go out of the 

range what the potentiostat could handle. This restricted the current to go out of 

the range of potentiostat which in turn helped the potentiostat to produce 

voltammograms without any kind of noise. 
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        Figure 4.12 Platinum working microelectrode. 

 

 

          

         Figure 4.13 Platinum counter-electrode. 
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After introducing all the changes mentioned above, very clean and nice cyclic 

voltammograms with cathodic and anodic peak were produced. These changes also 

allowed the potential range during the experiment to increase its limit    in the 

negative direction. Some of these voltammograms are:

 

                   Figure 4.14 Cyclic voltammogram with scan rate of 10mVs-1. 
 

Operating parameters for above experiment:  

Initial voltage: -4V 

Final voltage: 1V 

Scan rate: 10 mVs -1 
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More cyclic voltammetric experiments were performed to confirm the above voltammogram. 

Operating parameters for above experiment:  

Initial voltage: -4V 

  Final voltage: 4V  

  Scan rate: 50 mVs1
 

 

 

 

 

 

Figure 4.15 Cyclic voltammogram with scan rate of 50mVs-1 using a Pt electrode in 3% 

Nd(III)/[HTFSI] at temperature of 50℃. 
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After increasing the scan rate from 10 mV/s to 50 mV/s, a cathodic peak was observed  

around -3.1 V, which was ascribed to the reduction of neodymium from neodymium salt. On the 

other hand, no anodic peaks corresponding to the oxidation of Nd(0) were apparent in this 

voltammogram suggesting that the reduction of Nd is an irreversible reaction. A few more 

experiments were conducted which are as follows: 

 

 

Operating parameters for above experiment: 

 Initial voltage: -4V 

   Final voltage: 1.8V  

  Scan rate: 100 mVs -1 

In the above cyclic voltammogram, a cathodic peak was observed at -1.9 V, which was 

ascribed to the reduction of neodymium from neodymium oxide. There were two anodic peaks 

around 0.5 V and 1.5 V, which were ascribed to the background current and oxygen evolution 

at the anode. 

Figure 4.16 Cyclic voltammogram with scan rate of 100mVs-1 using a Pt electrode in 3% 

Nd(III)/[HTFSI] at temperature of 50℃. 
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 So, the above three voltammograms produced cathodic peaks at -1V, -3.1 and -1.9  

at the scan rates of 10 mVs -1, 50 mVs -1 and 100 mVs -1 respectively.  

More cyclic voltammetric experiments were performed at the scan rate of 

100 mVs -1 to find a constant potential at which cathodic peak was evident. 

 

Figure 4.17 Cyclic voltammogram with scan rate of 100mVs-1 using a Pt electrode in 3% 
Nd(III)/[HTFSI] at temperature of 50℃. 

 

Operating parameters for above experiment:  

Initial voltage: -5V 

Final voltage: 1.8V  

Scan rate: 100 mVs -1 

 

In the above scan, the cathodic peak was observed at -1.8V, which was 

ascribed to the reduction of neodymium from neodymium oxide. This scan 

produced only one cathodic peak and one anodic peak around 1V, which was 

ascribed to the oxygen evolution at the anode. 
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The number of experiments were performed to validate the cathodic  

peak around -2V, some of which are as follows:

 

Figure 4.18 Cyclic voltammogram with scan rate of 100mVs-1 using a Pt electrode 

in 3% Nd(III)/[HTFSI] at temperature of 50℃. 

 

Operating parameters for above experiment: 

 Initial voltage: -5V 

   Final voltage: 2.1V  

   Scan rate: 100 mVs -1 
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The above cyclic voltammetric scan also confirmed the cathodic peak  

around -2V. There was a very small anodic peak around 1 V which again was 

ascribed to the oxygen evolution at the anode. 

 

 

Figure 4.19 Cyclic voltammogram with scan rate of 100mVs-1 using a Pt electrode in 3% 

Nd(III)/[HTFSI] at temperature of 50℃. 
 

Operating parameters for above experiment: 

Initial voltage: -5V 

              Final voltage: 3V 

  Scan rate: 100 mVs -1 
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In this cyclic voltammetric scan, the positive voltage scan was increased to 3V. 

from 2.1V. The cathodic peak in this scan shifted to little bit left of -2V.  

 

              Operating parameters for above experiment: 

Initial voltage: -5V 

  Final voltage: 3V  

  Scan rate: 80 mVs -1 

 

In this cyclic voltammetric scan, a cathodic peak was around -2V even 

after decreasing the scan rate to 80 mv/s, which confirmed the reduction of 

neodymium oxide to neodymium at around -2V. There was an anodic peak 

around 1V, which also confirmed that there was an anodic reaction around 1V  

Figure 4.20 Cyclic voltammogram with scan rate of 100mVs-1 using a Pt 
electrode in 3% Nd(III)/[HTFSI] at temperature of 50℃. 
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which was because of the oxygen evolution. The cathodic peak around 

1V was ascribed to the reduction ratio of small traces of H2O in RTIL. 

 

Figure 4.21 Cyclic voltammogram with scan rate of 100mVs-1 using a Pt electrode in 3% 
Nd(III)/[HTFSI] at temperature of 50℃. 

 

Operating parameters for above experiment:  

Initial voltage: -2V 

  Final voltage: 1.6V  

  Scan rate: 100 mVs -1 

This scan produced a cathodic peak at -1.5V and a small anodic peak around 1.3V. 

 

Figure 4.22 Cyclic voltammogram with scan rate of 100mVs-1 using a Pt electrode in 3% 

Nd(III)/[HTFSI] at temperature of 50℃. 
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Operating parameters for above experiment: 

Initial voltage: -2V  

Final voltage: 2V 

Scan rate: 100 mVs -1 

The above scan produced a cathodic peak around -1.6V and an anodic peak around 1.1V. 

 

 4.2 Electrodeposition of Nd metal on a Cu substrate 

 Two experiments were performed for the electrodeposition of Nd metal on the Cu substrate. 

Electrodeposition of Nd metal from 3% Nd(TFSI)3 were performed by a two-electrode system. 

The cathode and anode employed were copper plate and neodymium rod respectively. Both of 

the experiments were performed at 150℃.  

 

4.2.1 EDX spectrum and EDAX ZAF quantification results from the first 

electrodeposition experiment 
 

 For the first experiment, the electrodeposition of neodymium on a copper substrate in 

3% Nd(TFSI)3 was performed at 150℃. For electrodeposition of Nd metal, a constant voltage 

was applied through the BK power supply.  

A cyclic voltammetric experiment was performed in 3% Nd(TFSI)3 using the same 

parameters as used in 4.1.5 just before the electrodeposition experiment to find out the voltage at 

which cathodic reduction was taking place. The cyclic voltammogram showed that reduction 

reaction was occurring at -2.1V. A slight over-potential was applied for the electrodeposition. 

So, a constant voltage supply of -2.5V was applied during the electrodeposition experiment. The 

experiment was run until a uniform black deposit was visible on the copper substrate immersed 

in the electrolyte solution, which happened at 150th min. Therefore, the duration of 

electrodeposition experiment was 150 minutes. The constant voltage of -2.5V for 150 minutes 

deposited neodymium on the copper substrate. The copper substrate was polished with sand 

paper before the electrodeposition experiment. 
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Figure 4.23 Copper substrate before the first electrodeposition experiment. 

 

 

Figure 4.24 Copper substrate after the first electrodeposition experiment 
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As it is evident from the above picture, a uniform black layer was deposited on the part of 

copper substrate immersed in the electrolyte solution. The semi-quantitative analysis of the 

electrodeposits was performed by EDX. The three related peaks with Nd La, Nd Lb, and Nd Lg 

were confirmed in this spectrum. The evaluation of EDX also gave the percentage of the contents 

of metallic neodymium in electrodeposits. A small amount of oxygen content with spectrum O 

Ka was detected which showed that the oxidation reaction on the top layer of electrodeposits 

would partially occur in electrodeposition process. The oxygen content could be decreased by 

changing the inert gas atmosphere of the electrodeposition experiment. EDX was performed at 

five spots on the immersed part of copper substrate in the electrolyte solution to find out the 

percentage of contents of metallic neodymium and any other species if present.  

 
EDX results for the first electrodeposition experiment: 

 
 

a) EDX spectrum for spot 1 on the immersed copper substrate in the electrolyte solution: 
 

 

Figure 4.25 EDX spectrum of the electrodeposited neodymium metal for spot 1on a Cu substrate. 
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 Table 4.1 EDAX ZAF quantification for spot 1 on the copper substrate. 

 

 

The figure 4.25 showed the peaks obtained from EDX spectrum, which were ascribed to 

Nd, Cu and O. The percentages of Nd, Cu and O obtained from EDAX ZAF quantification on 

this spot were 13.57%, 63.68% and 22.75% respectively. The aim of this scan was to cover a 

large area on the copper substrate to get an idea of the distribution of the neodymium grains all 

over the copper substrate. Most of the area under the scan belonged to the copper substrate. That 

was why copper had the highest percentage for this scan. 
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b) EDX spectrum for spot 2 on the immersed copper substrate in the electrolyte solution: 

 

Figure 4.26 EDX spectrum of the electrodeposited neodymium metal for spot 2 on a Cu 
substrate after electrodeposition. 
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Table 4.2 EDAX ZAF quantification for spot 2 on the copper substrate. 

 

 

The figure 4.26 showed the peaks obtained from EDX spectrum, which were ascribed to 

Nd, Cu and O. The percentages of Nd, Cu and O obtained from EDAX ZAF quantification on 

this spot were 12.48%, 49.40% and 38.12% respectively. This scan was not mainly focused on 

the white grains rather the area scan consisting of white grains and copper substrate was taken. 

Most of the area under the scan belonged to the copper substrate. That was why copper had the 

highest percentage for this scan. 
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c) EDX spectrum for spot 3 on the immersed copper substrate in the electrolyte solution: 

 

Figure 4.27 EDX spectrum of the electrodeposited neodymium metal for spot 3 on a Cu substrate 
after electrodeposition. 
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Table 4.3 EDAX ZAF quantification for spot 3 on the copper substrate. 

 

 

The figure 4.27 showed the peaks obtained from EDX spectrum, which were ascribed to 

Nd, Cu and O. The percentages of Nd, Cu and O obtained from EDAX ZAF quantification on 

this spot were 15.10%, 64.65% and 20.25% respectively. This scan was also not mainly focused 

on the white grains rather the area scan consisting of white grains and copper substrate was 

taken. Most of the area under the scan belonged to the copper substrate. That was why copper 

had the highest percentage for this scan. 

 

 

 

 

 



 

                                                                          68 
 

d) EDX spectrum for spot 4 on the immersed copper substrate in the electrolyte solution: 

 

Figure 4.28 EDX spectrum of the electrodeposited neodymium metal for spot 4 on a Cu substrate 
after electrodeposition. 
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Table 4.4 EDAX ZAF quantification for spot 4 on the copper substrate. 

 

 

The figure 4.28 showed the peaks obtained from EDX spectrum, which were ascribed to 

Nd, Cu and O. The percentages of Nd, Cu and O obtained from EDAX ZAF quantification on 

this spot were 14.10%, 56.20% and 29.71% respectively. Thus, all of the large area scans gave 

consistent percentage of neodymium on the copper substrate. Most of the area under this scan 

also belonged to the copper substrate. That was why copper had the highest percentage for this 

scan. 
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e) EDX spectrum for spot 5 on the immersed copper substrate in the electrolyte solution: 

 

 

Figure 4.29 EDX spectrum of the electrodeposited neodymium metal for spot 5 on a Cu 
substrate after electrodeposition. 
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Table 4.5 EDAX ZAF quantification for spot 5 on the copper substarte. 

 

 

The figure 4.29 showed the peaks obtained from EDX spectrum, which were ascribed to 

Nd, Cu and O. The percentages of Nd, Cu and O obtained from EDAX ZAF quantification on 

this spot were 67.57%, 14.75% and 17.69% respectively. The final scan for the deposited 

neodymium on the copper substrate on this spot gave high percentage of neodymium because the 

scan was focused mostly on white grain particles which were expected to be neodymium metal.  

 

4.2.2 SEM results from the first electrodeposition experiments 

 The microscopic morphology of the neodymium deposited sample obtained at -2.5V 

during 150th minute of the electrodeposition experiment was examined by SEM. A typical SEM 

micrograph obtained from the electrodeposition was presented in fig. The electrodeposits 

executed at -2.5V had grains with different sizes due to the relatively low deposition rate. 

Regarding the progressive nucleation mechanisms, the appended SEM photomicrographs show 

exactly what was expected. For 3% Nd(TFSI)3 in trimethyl phosphate, after 3 hours, the cathode 

electrode (copper substrate) surface was covered with neodymium nuclei of various sizes, from 

those barely noticeable on the SEM. So, the SEM scans were magnified further to observe 

neodymium deposits on the copper substrate. The obtained SEM scan was as follows: 
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Figure 4.30 The microscopic morphology of the neodymium deposited sample on a Cu substrate 
by applying constant voltage at -2.5V in 3% Nd(TFSI)3 at 150℃. 

 

The first four out of five scans resulted in the neodymium percentages of 13.57%, 

12.48%, 15.10% and 14.10% respectively, which showed the consistency in the metallic content 

of neodymium obtained from EDAX ZAF quantification at different spots on the immersed part 

of the copper substrate in the electrolyte solution. The fifth scan resulted in high percentage of 

neodymium metal than expected content of neodymium metal (12-15%). This was because of 

high magnification of scan for this spot. Thus, the average content of metallic neodymium on the 

immersed part of the copper substrate in the electrolyte solution was 13.8%. 
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4.2.3 EDX spectrum and EDAX ZAF quantification results from the second 

electrodeposition experiment 

 In the second experiment, the electrodeposition of neodymium on a copper substrate in 

3% Nd(TFSI)3 was also performed at 150℃. For electrodeposition of Nd metal, a constant 

voltage was applied through BK power supply. A cyclic voltammetric experiment was 

performed in 3% Nd(TFSI)3 using the same parameters as used in 4.1.5 just before the 

electrodeposition experiment to find out the voltage at which cathodic reduction was taking 

place. The voltammogram obtained was as follows:

 

Figure 4.31 Cyclic voltammogram with scan rate of 100mVs-1 using a Pt electrode in 3% 

Nd(III)/[HTFSI] at temperature of 50℃. 
  

The cyclic voltammogram showed that reduction reaction was occurring at -1.1V. There 

was an additional, slight reduction curve around 0V, which was ascribed to the reduction 

reaction of traces of water present in the acid. A slight over-potential was applied for the 
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electrodeposition. So, a constant voltage supply of -2.1V was applied during the 

electrodeposition experiment. The experiment was run until a uniform black deposit was visible 

on the cooper substrate immersed in the electrolyte solution, which happened at the 180th minute. 

Therefore, the duration of electrodeposition experiment was 180 minutes. The surface area of the 

copper cathode was reduced to 4cm*4cm so that most part of the cathode substrate could be 

immersed into the electrolyte solution. The constant voltage of -2.1V for 180 minutes deposited 

neodymium on the copper substrate. 

 

 

Figure 4.32 Copper substrate after second electrodeposition experiment. 

As it is evident from the above picture, a uniform black layer was deposited on the part of 

copper substrate immersed in the electrolyte solution. The semi-quantitative analysis of the 

electrodeposits was performed by EDX. The three related peaks with Nd La, Nd Lb, and Nd Lg 

were confirmed in this spectrum. The evaluation of EDX also gave the percentage of the contents 

of metallic neodymium in the electrodeposits. A small amount of oxygen content with spectrum 

O Ka was detected which showed that the oxidation reaction on the top layer of electrodeposits 

would partially occur in the electrodeposition process. The oxygen content could be decreased by 

changing the inert gas atmosphere of the electrodeposition experiment. EDX was performed at 
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six spots on the immersed part of copper substrate in the electrolyte solution to find out the 

percentage of contents of metallic neodymium and any other species if present.  

EDX results for the second electrodeposition experiment: 

 

a) EDX spectrum for spot 1 on the immersed copper substrate in the electrolyte solution: 

 

Figure 4.33 EDX spectrum of the electrodeposited neodymium metal for spot 1 on a Cu substrate 
after electrodeposition. 
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Table 4.6 EDAX ZAF quantification for spot 1 on the copper substrate. 

 

 

The figure 4.33 showed the peaks obtained from EDX spectrum, which were ascribed to 

Nd, Cu and O. The percentages of Nd, Cu and O obtained from EDAX ZAF quantification on 

this spot were 78.83%, 5.88% and 15.30% respectively. The scan on this spot yielded a high 

percentage of neodymium because the scan was focused mostly on white grain particles which 

were expected to be neodymium metal. 
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b) EDX spectrum for spot 2 on the immersed copper substrate in the electrolyte solution: 

 

Figure 4.34 EDX spectrum of the electrodeposited neodymium metal for spot 2 on a Cu substrate 
after electrodeposition. 
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Table 4.7 EDAX ZAF quantification for spot 2 on the copper substrate. 

 

 

Figure 4.34 showed the peaks obtained from EDX spectrum, which were ascribed to Nd, 

Cu and O. The percentages of Nd, Cu and O obtained from EDAX ZAF quantification on this 

spot were 83.84%, 5.51% and 10.64% respectively. The scan on this spot also yielded a high 

percentage of neodymium because the scan was also focused mostly on the white grain particles 

which were expected to be neodymium metal. 
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c) EDX spectrum for spot 3 on the immersed copper substrate in the electrolyte solution 

 

Figure 4.35 EDX spectrum of the electrodeposited neodymium metal for spot 3 on a Cu substrate 
after electrodeposition. 
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Table 4.8 EDAX ZAF quantification for spot 3 on the copper substrate. 

 

 

Figure 4.35 showed the peaks obtained from EDX spectrum, which were ascribed to Nd, 

Cu and O. The percentages of Nd, Cu and O obtained from EDAX ZAF quantification on this 

spot were 20.51%, 41.68% and 37.82% respectively. This scan was not mainly focused on the 

white grains but rather the area scan consisting of white grains and copper substrate. The majority 

of the area under the scan pertained to the copper substrate, which is why copper had the highest 

percentage for this scan. 
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d) EDX spectrum for spot 3 on the immersed copper substrate in the electrolyte solution: 

 

Figure 4.36 EDX spectrum of the electrodeposited neodymium metal for spot 4 on a Cu substrate 
after electrodeposition. 
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Table 4.9 EDAX ZAF quantification for spot 4 on the copper substrate. 

 

 

Figure 4.36 showed the peaks obtained from EDX spectrum, which were ascribed to Nd, 

Cu and O. The percentages of Nd, Cu and O obtained from EDAX ZAF quantification on this 

spot were 11.9%, 63.68% and 24.33% respectively. This scan was also not mainly focused on the 

white grains rather the area scan consisting of white grains and copper substrate was taken. Most 

of the area under the scan belonged to the copper substrate. The majority of the area under the scan 

pertained to the copper substrate, which is why copper had the highest percentage for this scan. 
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e) EDX spectrum for spot 5 on the immersed copper substrate in the electrolyte solution: 

 

Figure 4.37 EDX spectrum of the electrodeposited neodymium metal for spot 5 on a Cu substrate 
after electrodeposition. 
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Table 4.10 EDAX ZAF quantification for spot 5 on the copper substrate. 

 

 

Figure 4.37 showed the peaks obtained from EDX spectrum, which were ascribed to Nd, 

Cu and O. The percentages of Nd, Cu and O obtained from EDAX ZAF quantification on this 

spot were 12.54%, 64.71% and 22.75% respectively. As in the previous two scans, this scan was 

also an area scan covering the area consisting of white grains and the copper substrate. That was 

the reason why copper had the highest percentage among Nd, Cu and O. 
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f) EDX spectrum for spot 6 on the immersed copper substrate in the electrolyte solution: 

 

Figure 4.38 EDX spectrum of the electrodeposited neodymium metal for spot 6 on a Cu substrate 
after electrodeposition. 
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Table 4.11 EDAX ZAF quantification for spot 6 on the copper substrate. 

 

 

 Figure 4.38 showed the peaks obtained from EDX spectrum, which were ascribed to Nd, Cu and 

O. The percentages of Nd, Cu and O obtained from EDAX ZAF quantification on this spot were 

6.63%, 70.62% and 22.75% respectively. This scan covered the largest area among all the 

previous scans and the aim of this scan was to focus on the area where the white grains were 

least visible. This scan gave the lowest neodymium metal percentage which was 6.63%. 

 

4.2.4 SEM results from second electrodeposition experiment 

 The microscopic morphology of the neodymium deposited sample obtained at -2.1V 

during 150th minute of the electrodeposition experiment was examined by SEM. A typical SEM 

micrograph obtained from the electrodeposition was presented in fig.4.37. The electrodeposits 

executed at -2.1V had grains with different sizes due to the relatively low deposition rate. The 

obtained SEM scan were as follows: 
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Figure 4.39 The microscopic morphology of the neodymium deposited sample on a Cu substrate 
by applying constant voltage at -2.1V in 3% Nd(TFSI)3 at 150℃. 

 

The above SEM scan was taken for the spot where the percentage of Nd metal was found 

to be 78.83%. This scan gave a high percentage of Nd metal because the scan was performed 

with the increased magnification, which focused mostly on the white grains because these white 

grains were expected to be mostly consisting of Nd particles. 
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Figure 4.40 The microscopic morphology of the neodymium deposited sample on a Cu substrate 
by applying constant voltage at -2.1V in 3% Nd(TFSI)3 at 150℃. 

 

The above SEM scan was taken for the spot where the percentage of Nd metal was 

found to be 83.84%. This scan also gave a high percentage of Nd metal because the scan was 

performed with the increased magnification, which focused mostly on the white grains as 

these white grains were expected to be mostly consisting of Nd particles. 

            A cyclic voltammetric experiment was performed using the electrolyte that was left 

after the above electrodeposition experiments to evaluate whether the same liquid could be 

used again for the electrodeposition experiment or not. Surprisingly, the cyclic 

voltammogram obtained using the same parameters as used in previous cyclic voltammetric 

experiments yielded a clean curve containing a reduction peak. This result was unexpected 

because the color of the electrolyte solution had changed from transparent (before 

electrodeposition experiment) to slightly blackish (after electrodeposition experiment). The 

reason for this unexpected clean cyclic voltammogram with cathodic peak might be that there 
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was still some neodymium salt present in the electrolyte or neodymium rod (anode) oxidized 

to neodymium oxide, got dissolved into the solution and increased the neodymium oxide 

content in the electrolyte. The cyclic voltammogram obtained was as follows:  

 

 

Figure 4.41 Cyclic voltammogram with scan rate of 100mVs-1 using a Pt electrode in 3% 
Nd(III)/[HTFSI] at temperature of 50℃. 

 

The above cyclic voltammogram showed that the electrolyte solution even after the 

electrodeposition experiment could still behave as a good electrolyte. This voltammogram 

showed a reduction peak at around -1.8V.  

One more cyclic voltammetric experiment was performed by adding 0.8 g of newly synthesized 

salt (Nd(TFSI)3) in the 8g of  used electrolyte solution (remaining electrolyte after the 

electrodeposition experiment). The aim of this test was to find out whether adding the new salt 

into the used electrolyte could behave as an appropriate electrolyte solution for electrowinning of 

neodymium oxide to neodymium or not. The reason for investigating this was that the quantity of 
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the TMP added for making each solution was much more as compared to the quantity of the salt 

required for making 250 ml electrolyte solution. In addition, the high cost of TMP also 

contributed to one of the reasons why it was necessary to investigate whether the used electrolyte 

could be used again for the electrodeposition experiment or not. The cyclic voltammogram 

produced was very clean and showed a cathodic peak, which proved that the used electrolyte, 

could be used multiple times by adding the newly synthesized salt. The cyclic voltammogram 

obtained was as follows: 

 

 

Figure 4.42 Cyclic voltammogram with scan rate of 100mVs-1 using a Pt electrode in 3% 
Nd(III)/[HTFSI] at temperature of 50℃. 

 

 
The above voltammogram showed a cathodic peak at -1.2V. It proved 

that the electrolyte could be used at least twice.  
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                                                   CHAPTER 5 

             CONCLUSIONS & DIRECTION FOR FUTURE RESEARCH  

Chapter 5 lists major conclusions drawn from the project, and it provides direction for the 

future work. 

5.1 Conclusions 

The reduction of Nd2O3 in room temperature ionic liquid system was investigated by 

electrowinning technique. The present work investigated the feasibility of reducing neodymium 

metal from neodymium oxide in room temperature ionic liquid through the electrowinning 

method. This study also discussed how the electrochemical set up for electrowinning of 

neodymium oxide to neodymium metal was developed and how the electrolyte solution was 

prepared for the experiments. In order to confirm the possibility of neodymium oxide being 

reduced to neodymium metal, a series of electrochemical experiments i.e. cyclic voltammetric 

experiments were conducted. The different electrodes were used for cyclic voltammetric until it 

was found that platinum microelectrode and platinum-coiled wire behaved best as working and 

counter electrode respectively. The conclusion drawn from cyclic voltammetric experiments was 

that the surface area of counter electrode should be at least ten times larger than the surface area 

of working electrode for obtaining a cyclic voltammogram without noise. The cyclic 

voltammograms confirmed that the reduction of neodymium oxide was taking place around -2V.  

The electrodeposition of neodymium proceeded with an over-potential driven nucleation 

mechanism. The electrodeposition experiment was run for three hours at constant voltage supply 

of -2.4V which resulted in the adherence of neodymium electrodeposits on the copper cathode by 

controlling the deposition conditions. The obtained electrodeposit was a uniform black deposit. 

The obtained electrodeposits were also confirmed to be consisting of neodymium metal 

evaluated by EDX. ZAF Quantification gave the percentages of the metallic neodymium adhered 

on the copper substrate.  

Furthermore, it was investigated whether the electrolyte solution left after the 

electrodeposition experiment could be used again. To evaluate this, a cyclic voltammetric 

experiment was performed for the used electrolyte solution which produced a very clean cyclic 

voltammogram with cathodic and anodic peaks and showed the used electrolyte solution was still 

in good condition to be as employed as electrolyte solution for at least one more experiment.  
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One more cyclic voltammetric experiment was performed by only adding the newly 

synthesized salt in the used electrolyte solution after the electrodeposition experiment, which 

also produced a very clean cyclic voltammogram and it was hence concluded that it was also 

viable to just add the newly synthesized salt in the used electrolyte solution so that the cost of the 

chemicals associated with the electrowinning technique could be reduced. 

Therefore, this study enables us to conclude that ionic liquid has an interesting potential 

to be used as an electrolyte solution for the electrodeposition of the neodymium metal. The 

utmost care should be taken while choosing the electrodes, parameters and conditions for cyclic 

voltammetric measurements and electrodeposition experiments. This study also concludes that 

the addition of newly synthesized salt ((Nd(TFSI)3) into the used electrolyte ((Nd(TFSI)3 + 

TMP) after the electrodeposition experiment can still behave as a good electrolyte solution for at 

least one more electrodeposition experiment. 

 

5.2 Direction for future research 

The present study focused on electrowinning of neodymium oxide to neodymium metal 

on a small scale. Thus, further investigations should be researched to use the electrowinning 

technique to produce neodymium metal from neodymium oxide on a larger scale. In this study 

the amount of neodymium metal deposited on the copper substrate after the electrodeposition 

experiment was not calculated, so further work should include performing the potentiostatic 

measurements to calculate the amount of neodymium metal deposited on the cathode after the 

electrodeposition experiment. Investigations should be researched to find out if electrodes other 

than platinum electrodes can be used for cyclic voltammetric experiments as platinum electrodes 

are costly. It is uncertain that what is the anodic reaction during the electrodeposition 

experiment, further investigations should be researched for the anodic reaction. Future work 

should include finding the best inert atmospheric conditions for this electrodeposition technique 

so that the amount of oxygen deposits on the cathode substrate can be reduced. Investigations for 

the reuse of the used electrolyte solution should be researched on industrial scale, which can 

significantly reduce the costs associated with the electrowinning technique. Further 

investigations such as energy consumption should be researched to establish this electrowinning 

technique for the recycle process using room temperature ionic liquid.  
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