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ABSTRACT 

A novel method for electrodepositing metal such as zinc and lead was investigated by 

using a urea and choline chloride based ionic liquid as electrolyte at low temperature. The 

solubility analysis of both metal oxides in the resulting ionic liquid was investigated by 

comparing the absorption peak from FTIR. The solubility was illustrated as a function of 

temperature and amount of added metal oxide.  

Electrochemical behavior was measured from a three electrode cell which consisted of 

tungsten wire as cathode, platinum wire as anode and silver wire as quasireversible reference 

electrode using EG&G electrochemistry workstation setup. The reduction potential was found at 

-1.1V for the zinc system and -0.37V for the lead system, both used Ag as reference electrode. 

This study has been focused on measuring values of diffusion coefficient and charge transfer 

coefficient in different experimental conditions. In the Zn system, the charge transfer coefficient 

has been calculated in different temperature and found to be ranging from 0.180 to 0.258 while 

in the Pb system ranges from 0.528 to 0.627, and the diffusion coefficient from 1.14×10-7to 

2.84×10-6 in the Zn system while 1.09×10-8to 1.42×10-7in the Pb system. The activation energy 

of diffusion of electro-active species in both systems are calculated and compared to a value of 

107.23 kJ/mol in Zn to 124.70 kJ/mol in Pb. The nucleation mechanism was investigated for 

both systems. A three-dimensional nucleation model has been compared to experimental data. 

Instantaneous nucleation has been found for both systems. The electrodeposition for both Zn and 

Pb has been carried out on the Cu substrate in different voltages. Deposits are characterized by 

scanning electron microscopy (SEM) for morphology and X-ray diffraction (XRD) for structural 
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analysis. Compositional analysis of both metal deposits on the cathode has been performed using 

Energy Dispersive Spectrometer (EDS). Metals in high purity were obtained.  

To improve the quality of deposited metal, effect of [BMIM]HSO4 an additive agent has 

been investigated. [BMIM]HSO4 has been shown to effectively improve surface layer quality by 

promoting a dense and uniform deposited film with finer particle size.  
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CHAPTER 1 

INTRODUCTION 

The metal extraction process has been developed for a very long time since metal was 

found back in 8000 BC. As the requirement of metal became larger and larger since industrial 

civilization, metallurgy and the metal extraction process take an important part in mass 

production of metals and alloys for infrastructure development, construction and weapon 

industry. Metals exist in the earth’s crust as chemical states of (i) oxides; (ii) sulfides; (iii) 

oxysalts. The extraction process of metal from its ore depends on its physical and chemical 

properties as well as availability of ores. At the beginning, the beneficiation also known as 

concentration of the ore is vital, either to increase the purity or to better use of physical 

properties so as to improve the metal extraction process. The mining process usually includes 

several operations, namely, (i) comminution: Reduction of particle size achieved by detaching 

valuable parts from materials of no value; (ii) separation: Minerals are separated from each other 

taking advantage of different physical properties, such as density and shape, and chemical 

properties between species.  

The most widely used methods for metal extraction are usually referred to as (a) 

pyrometallurgy, (b) hydrometallurgy, and (c) electrometallurgy. Pyrometallurgy involves 

reactions that taken place at high temperature where the decomposition of ore occurs by using 

heat and a reducing agent thereby other elements are separated from the metal in a form of gas or 
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slag. Some metals such as iron, copper, aluminum, magnesium, sodium are produced by this 

process [1].  

Hydrometallurgy is another method to obtain metal from its ore. It involves reactions in 

aqueous solution for metal recovery, concentration and recycling of the residual materials [2]. 

This method is well suited for complex ores but cannot be applied to reactive metals such as 

aluminum, magnesium, and titanium for which hydrogen liberates prior to the metal. As a result, 

for reactive metal, electrometallurgical method is preferred. 

The electrometallurgical process is usually divided into four major categories: 

electrowinning (extraction), electrorefining (purification), electroforming (formation of thin 

metal parts) and electroplating (formation of metal layer on substrate). A typical 

electrodeposition cell consists of an electrode system and electrolyte from which metal is 

deposited on to the cathode, with the anode acting as an inert conductor. Electrowinning is 

widely used for the extraction of reactive metals such as aluminum and magnesium as an 

alternative way to pyrometallurgy. The more noble metals such as Ni, Zn and Pb can be 

extracted from their sulphate solution after the leaching process. 

 

1.1 Introduction to zinc and traditional zinc production 

Zinc is the 24th most abundant metal element making up about 0.0075% of the earth’s 

crust mostly found in soil (~64 ppm), seawater (~30 ppb), and atmosphere (0.1~0.4 g/m3) [3]. 

Pure Zinc is a silvery-white lustrous metal which owns attractive characteristics that enables it to 

be extensively used in different applications. Zinc is most widely used as an anti-corrosive 

coating. Galvanization, which uses about 50% Zn throughout the world, promotes a coating on 
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iron or steel to prevent from corrosion and is the most common way to use zinc [4]. Another 

major application for Zn production is brass, which is known as a zinc contained alloy. Brass has 

superior corrosion resistance as well as high ductility which makes up 17% usage of Zn 

production. The main uses of Zn production is shown in Figure 1.1 [5].  

 

Figure 1.1 Main uses of zinc 

 

Zn is the fourth most commonly used metal in the world exceeded only by iron, 

aluminum and copper with an annual production of approximately 12 million tonnes. The World 

zinc production trend is described in Figure 1.2 [6].  
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Figure 1.2 World Zn production from 1900 to 2013 

Nowadays, more than 80% of the world’s primary used zinc is produced by sulfate 

electrolytic zinc processes. Figure 1.3 shows the flow diagram of primary zinc production in 

industry. The primary zinc resource is in a form of sulfide. The ore is mined, grinded which 

separates minerals from gangue and produces a concentrate containing 60%wt of zinc. The wet 

concentrates convert from sulfide to zinc oxide releasing SO2 gas through a process called 

roasting. The roasted products then leach with aqueous sulfuric acid resulting in the formation of 

zinc sulfate in aqueous solution. The resulting sulfate solution is then piped in an electrowinning 

cell where the zinc is electrodeposited on aluminum cathode with a lead-silver anode ran by 

electric current [7]; the occurring reactions on both electrode are shown below. 

Cathode: 

ZnSO4 + 2e → Zn + SO4
2- 

Anode: 

H2O → 0.5O2 + 2H+ +2e 

Overall: 

ZnSO4 + H2O → Zn + 0.5O2 + H2SO4 
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 The process takes advantage of low cost of raw materials and relatively high current 

efficiency as well as low energy consumption. However, the problems associated are also vital. 

For example, mass release of SO2 is a major concern to the environment and due to its poisonous 

nature, people who work in the Zn production plant are suffering from potential health problems. 

Moreover, rigorous purification process is required in order to achieve zinc in high purity. 

Correspondingly, high processing as well as labor cost should be seriously considered.  
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Figure 1.3 Flow sheet of Zn production from sulfate electrolytic process 
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1.2 Introduction to Pb and traditional Pb production 

Lead is one of the elements known to be used in the manufacture of products such as pipe 

and tableware in the ancient world. Lead is well-known for its malleability, high density, and 

high corrosion resistance. These properties make it useful in many domains of industries such as 

weighting, sinker, solder, and lead-acid batteries.  

Primarily, lead is produced by a sintering-smelting-drossing process. Lead contained ore 

concentrates to 70% or more through flotation process. The concentrates are then fed into a 

sintering machine, sulfide roasted and oxidized into oxide. In the smelting process, some 

reducing substances are used to reduce those oxidized metal elements to metals. Usually lead is 

smelted in a blast furnace where high temperature is provided by carbon. The molten lead sinks 

to the bottom of the furnace due to the density. A layer of light elements such as antimony and 

arsenic float on the top of the furnace referring as speiss. A matte layer consists of copper and 

metal sulfides and a layer of slag containing mostly silicates. There are still oxidized 

contaminants after the smelting process so further action called drossing is required. During this 

process, oxides except silver, gold, and bismuth float onto the top layer and are removed by 

drossing. By means of the Parkes process and the Betterton-Kroll process, the contaminants 

including silver, gold and bismuth are skimmed off by drossing [8,9]. A visualized process in a 

blast furnace is showed in Figure 1.4. The major consumption for lead is for lead-acid batteries 

[ 10 ]. They are used as automotive batteries in vehicles and also used in computer, 

telecommunication systems as well as remote access power systems. Most of the lead produced 

from secondary sources which recovered lead from lead scrap include batteries, pipes, lead 

coated metals and cable coverings. Figure 1.5 shows the average lead use over the last five years 

[11]. 
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Figure 1.4 Smelting process of lead production 

 

Figure 1.5 Average lead uses over the last five years 

 Similar to Zn production, Pb industrial process still has many problems when require to 

be improved. For example, during the purification process, high temperature registration in order 

to vaporize other contaminants lead to extremely high processing costs. The pollutant emissions 

such as CO, CO2, and SO2 may cause serious environmental problems. Still, saving energy and 
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improving efficiency is first priority in industry. As a consequence, to discover a new method for 

either Zn or Pb production which is environmental friendly and maintains high efficiency is 

currently of importance. 

 

1.3 Introduction to ionic liquids 

 In searching of a green solvent that can effectively reduce pollutant emissions in 

industrial Zn and Pb production, ionic liquids appear and draw our attention.   

1.3.1 Definition of ionic liquids 

Ionic liquids are widely recognized by their definition that “An ionic material that 

composed only of cation and anion is liquid below 100°C” [12]. An essential property of ionic 

liquids is that they are liquidus over a wide range of temperature. Previously, they have been 

included in molten salt category. However, later, ionic liquids are known as a distinct group due 

to their unique characteristics. To distinguish them from molten salts which melt only at elevated 

temperature, ionic liquids have a low melting point that makes it more promising in energy 

saving. As ionic liquids developed, the most vital advantages of the liquids are becoming 

[13,14]: 

 non measurable vapor pressure 

 non-flammable and non-corrosive 

 wide electro-chemical window 

 thermal stability 

 high solubility of metal salts 
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 high conductivity compared to non-aqueous solvents 

1.3.2 Development of ionic liquids 

The first ionic liquid was initially designed to use as an electrolyte which can obtain high 

concentration of aluminum through an electrodeposition process. It was reported based on AlCl3 

in 1980s. Hussey et al [15-17] and Osteryoung et al [18,19] did extensive researches on 

aluminum chloride room temperature ionic liquids and the first review paper of room 

temperature ionic liquid was written by Hussey [20]. The AlCl3 based room temperature ionic 

liquid was deemed as first generation of ionic liquids. The further use of AlCl3 based ionic liquid 

in many applications was limited by its hydroscopic nature because the preparation and synthesis 

of ionic liquids requires inert atmosphere. As a result, the air and moisture stable room 

temperature ionic liquids which are considered to be the second generation of ionic liquid had 

attracted much attention in application of various fields. The first air and water stable ionic liquid 

was found by Wilkes and Zaworotko [ 21 ] in 1992 which is composed of a 1-ethyl-3-

methylimidazolium (EMIM) cation and either tetrafluoroborate (BF4) or hexafluorophosphate 

(PF6) anions. Different from AlCl3 based ionic liquids that require to be prepared in inert 

atmosphere, this group of ionic liquids can be synthesized and prepared in atmosphere. However, 

the longtime exposure to air and moisture could generate changes in physical and chemical 

properties of ionic liquid. The formation of HF is found in presence of water which could cause 

decomposition of the ionic liquid. Abbott and his coworkers [22] reported in 2001 that a new 

generation of ionic liquid can be formed by quaternary ammonium salts of a formula 

[Me3NC2H4Y]Cl (Y=OH, Cl, OC(O)Me) with a ligand agent. Three types of ligand agents are 

discussed as (1) anhydrous metal salts (MClx) [23,24]; (2) hydrated metal salts (MClx∙yH2O) 

[25]; (3) hydrogen bond donor such as CONH2, COOH, OH [26,27]. These ionic liquids (deep 
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eutectic solvents) can be used in large scale production in many applications since they are based 

on only simple chemical reagents such as Choline chloride (vitamin B4) and urea (common 

fertilizer) that are cheap and produced on moltitonne scale. A number of applications such as 

electrodeposition of metals, electrorefining processing are now gathering interest in using this 

type of ionic liquid.  

1.3.3 Choline chloride based eutectic mixture 

 As we discussed above, quaternary ammonium salts e.g. choline chloride (HOC2H4N 

(CH3)3
+ Cl-) form liquids at room temperatures when mixed with hydrogen bond donors. As a 

potential electrochemical media, the transport properties are of critical importance. Electrolytic 

conductivities of several ChCl based ILs are listed in Table 1.2 [28]. It can be seen that densities 

show a water-similar behavior which have values close to 1. Electrical conductivity generally 

decreases with the increasing viscosity. And viscosity is directly related to ion size of ionic 

liquids. As noticed, ChCl/Malonic acid eutectics is the most viscous solution which in return 

shows a low conductivity. To use as an electrolyte, we are aiming at a solution with high 

conductivity, low cost and non-toxicity. Based on the information given in Table 1.1, we are 

choosing ChCl/Urea as the desired electrolyte in this study. According to the phase diagram (in 

Fig. 1.6) of this liquid, the lowest melting point is observed at 12°C in a molar ratio of 2:1 Urea 

and ChCl. Apart from those general advantages of ILs, Urea/ChCl deep eutectic solvents in a 

molar ratio of 2:1 is characterized by low cost, large potential window, no registration 

requirement and environmental compatibility.  
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Table 1.1 Density, electric conductivity, viscosity and general properties such as cost, 

availability and toxicity of ChCl based ionic liquids at 80°C [28] 

ILs Density 

(g/cm3) 

Conductivity 

(mS/cm) 

Viscosity 

(mPa∙s) 

Cost availability Toxicity 

ChCl/Urea 1.172 6.135 33.57 Low Easy No 

ChCl/Malonic 

acid 

1.22 2.21 69.069 Low Easy No 

ChCl/ethylene 

glycol 

1.11 15.165 9.139 Moderate Easy Yes 

ChCl/oxalic acid 1.133 12.812 9.139 Low Easy Yes 

 

The industry production of choline chloride, namely, Davy Process Technology, is produced 

from trimethylamine, ethylene oxide and hydrochloric acid. The reaction is described below: 

 

Urea is produced in industrial methods controlled by exothermic decomposition of ammonium 

carbonate into urea and water; the reaction is shown below: 

H2N-COONH4 → (NH2)2CO +H2O 

Metal salt solubility an in ionic liquid is very important for the electrodeposition process. The 

weak coordination between anions and cations in IL results in salvation energy that is not enough 

to break the electrostatic interactions between ions or between metallic atoms from the metal 

compounds. It is then to be expected poor metal or metal compound solubility in ILs. However, a 

good solubility of some of metal oxides is found for ChCl based ionic liquids. Table 1.2 shows 

the solubility of a wide variety of metal oxides in 2:1 Urea/ChCl eutectic mixture at a 

temperature of 60°C [29].  Oxides such as ZnO, CuO, and PbO2 show great solubility while CaO 
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and Al2O3 both show poor solubility. Metal oxides solubility in high temperature molten salts 

can be well compared to deep eutectic system. The solubility for ZnO, NiO, Cu2O reported in 

NaCl-KCl system are 27.6, 2.3, 1216ppm [30] which are lower than those in room temperature 

ionic liquids. In high temperature molten salts, the solubility of metal oxides is controlled by a 

mechanism in which naked metal ions separate from oxygen ions and can be demonstrated as 

MO → M2+ + O2-. However, in deep eutectic system, it is proposed that high solubility of 

transition metals is mainly due to the ability to complex with a ligand agent, in this case urea, 

thus increasing surface area that interacts with solvents. A formula of [MO∙nCl∙urea]n- is 

proposed as soluble form in urea and choline chloride mixture. The cathodic limit of ChCl/Urea 

eutectic mixture is observed on platinum electrode (-1.2V vs. Ag) that is relatively small 

compared to other ionic liquids such as [BMIM]BF4 which has a cathodic limit of -1.7V and 

[BMP]TF2N which is stable until -3.2V (in Figure 1.7). However, many metal oxides are proved 

to be deposited with high current efficiency. It is mainly due to the reduction kinetics of the ionic 

liquid is much lower than on metal surface.  

Table 1.2 Solubility of metal oxide in 2:1 molar ratio of Urea and ChCl in a temperature of 60ºC 

determined by ICP-AES 

 

Metal Oxide Solubility/ppm 

ZnO 8466 

Cu2O 8725 

CuO 470 

PbO2 9157 

Al2O3 <1 

MnO2 493 

Fe2O3 49 

Fe3O4 40 

NiO 325 

CaO 6 
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Figure 1.6 Phase diagram of eutectic mixture of choline chloride and urea 
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Figure 1.7 Cathodic limit comparison between (a) ChCl/Urea; (b) [BMIM]HSO4; (c) 

[BMIM]BF4; (d) [BMP]TF2N 

 

1.3.4 Applications of ionic liquids 

 The use of ionic liquids in a wide variety of applications has recently gathered attention. 

It is reported that imidazolium cation based ionic liquids can be used as lubricant or surfactant 

additives [31], in organic synthesis and catalytic reactions [32,33], or mobile phase additives in 

liquid chromatography [34]. Chengfeng Ye et al proposed that the dipole structure of ionic liquid 

enables it to be easily absorbed on the interface of electrode-electrolyte thus forming effective 

smooth boundary layer that reduces friction and produces finer deposit surface morphology [35]. 

Qibo Zhang et al reported that 1-butyl-3-methylimidazolium hydrogen sulfate ([BMIM]HSO4) 



  

16 

 

has a significant effect on the process of zinc electrodeposition in sulfuric acid electrolyte [36]. 

In order to improve the quality of deposited layer, [BMIM]HSO4 has been used as additive agent 

to investigate if it can work as an equally efficient additive agent in ChCl/Urea deep eutectic 

solvent. 
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CHAPTER 2 

RESEARCH OBJECTIVES 

 Primary objective of the present research is to extract metal from their corresponding 

metal oxide using urea and choline chloride eutectic mixture as electrolyte. Although sulfate 

electrolytic process has been commercially used in industrial metal extraction process for a long 

time, we are trying to develop a novel pathway for metal deposition that produces much less 

harmful gases such as CO, CO2 or SO2 and maintains high current utilization as well. Parameters 

in the process of electrodeposition of metal are discussed for optimizing the experimental 

outcomes and investigating their effect on the deposit. The main objectives of the present 

research are listed below: 

1. To synthesize Urea/ChCl eutectic mixture in a molar ratio of 2:1 at low temperature. 

2. Dissolution analysis of metal oxides such as ZnO, and PbO in different concentration at 

various experimental temperatures. 

3. To investigate the reduction mechanism which includes minimum applied potential 

required to initiate reduction process, diffusion and charge transferred mechanism, and 

electrode reactions 

4. To study the nucleation and growth phenomena involved in metal electrodeposition using 

ionic liquid as electrolyte 

5. To investigate the effect of experimental parameters such as concentration of additive, 

temperature, and applied cell voltage on microstructures of cathodic deposits. 
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6. Compositional and structural analysis on the cathodic deposits. 

7. Energy calculation in the electrolytic process of Zn. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

 

3.1 Preparation of chemicals 

3.1.1 Synthesis of Ionic Liquid 

Ionic liquids (eutectic mixture of 2:1 urea and choline chloride) were synthesized in our 

laboratory, by following the procedure reported in the literature. Choline chloride and urea were 

dried and keep for 2 hours prior to use. Pyrex glassware used in synthesis and experimental 

process is purchasing from Fisher Scientific Company. The flow sheet illustrated the synthesis 

procedure of 2:1 urea and choline chloride ionic liquid is seen in Figure 3.1. The electrolyte was 

prepared by heating urea (CO (NH2)2) (Alfa Aesar 99.3%) and choline chloride (C5H14ClNO) 

(ChCl) (Alfa Aesar 98%) in a molar ratio of 2:1 at 90ºC for 12 hours with constant stirring. A 

clear homogeneous solution was obtained, as seen in Figure 3.2. 

 

 

 

 

 

Figure 3.1 Flow sheet for synthesis of urea and choline chloride ionic liquid 

Urea, 2 moles 

Dried ChCl Dried Urea 

Eutectic Mixture 

Dried for 2 hours 

Heating to 90°C Keeping for 12h 
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Figure 3.2 Clear homogeneous solution formed by mixing Urea/ChCl in a molar ratio of 2:1 

3.1.2 Preparation of materials 

Zinc oxide used in the present experiments was purchasing from Fisher Scientific 

(certified ACS, ≥99.0%) and Lead (II) oxide from Alfa Aesar (certified ACS, 99.0%). 

[BMIM]HSO4 (Sigma Aldrich ≥95%) in different concentrations were added to the synthesized 

ionic liquid to investigate its effect on deposition. The experiments were conducted in a 

controlled atmosphere glove box to eliminate the influence of moisture. All metal salts were 

dried at a temperature of 50°C kept for 3 hours before all measurements. 

 

3.2 Experimental setup 

3.2.1 Dissolution Analysis of Metal Oxides in Studied Ionic Liquid 

Dried metal oxides were mixed with synthesized 2:1 urea/choline chloride ionic liquid in 

different experimental temperatures. A magnetic stirrer was inserted into the solution for proper 

mixing. Dissolution time was controlled in 24 hours. When a colorless, homogeneous solution 
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formed, the dissolution analysis was carried out by using Fourier Transform Infrared 

Spectroscopy (FTIR), model Perkin Elmer spectrum 400 (showed in Figure 3(a)). In schematic 

instrument which is showed in Figure 3(b), all source radiations pass through a beamsplitter, sent 

the lights in two directions at right angles. One beam goes to a stationary mirror and the other 

one goes to the moving mirror. When two beams meet up again at the beamsplitter, they 

recombine and create constructive and destructive interference (also called interferogram) due to 

the difference in path length. The recombined beams then pass through the sample and the 

sample absorbs all the different wavelengths characteristic of its spectrum. By subtracting 

specific wavelengths from the interferogram, the detector reports variation in energy versus time 

for all wavelengths simultaneously. A mathematical function called Fourier transform can 

convert intensity vs. time spectrum into intensity vs. frequency spectrum.  

 

 

 

 

(a) 
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Figure 3.3 (a) picture of FTIR model Perkin Elmer spectrum 400; (b) Schematic FT 

instrument 

 

The absorbance was plotted in a function of wavelength in spectrum software. The instrument 

has been calibrated and the background scan can be seen in Figure 3.4. 

 

Figure 3.4 FTIR background scan for calibration of instrument 

(b) 
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3.2.2 Electrochemical Measurements 

The electrochemical experiments were carried out by using EG&G PAR model 273A 

potentiostat /galvanostat. This instrument was controlled with a desktop computer using Power 

Suite software from Princeton Applied Research [37-40]. Controlled-potential methods, namely, 

cyclic voltammetry (CV) and chronoamperometry (CA) are being used in this experiment to 

characterize the ionic liquid as well as investigate the behavior of electrolyte at electrode surface. 

To be specific, CV is used to determine the reversible nature of the electrode reactions and CA is 

useful for studying the kinetics and diffusion/ nucleation mechanism.  

Basically, controlled-potential methods measure the current response for oxidation or 

reduction reaction of the electrochemical active species as a function of applied potential. The 

rate of mass transfer of species to the electrode is a measurement of current response. Three 

forms of mass transfers that govern the current response in electrodes reaction: (1) 

electromigration, (2) diffusion, and (3) convection. The combined effect can be described in 

Nerst-Planck equation [41], as showed in Eq. 3.1: 

𝐽(𝑥, 𝑡) = −
𝑛𝐹𝐷𝐶∗

𝑅𝑇

𝛿𝜙(𝑥,𝑡)

𝛿𝑥
− 𝐷

𝛿𝐶(𝑥,𝑡)

𝛿𝑥
+ 𝐶∗𝑣(𝑥, 𝑡)           (3.1) 

Where J(x,t) is the flux of the species at a distance x from the electrode surface, D is diffusion 

coefficient C* is the concentration of the species, potential gradient  
𝛿𝜙(𝑥,𝑡)

𝛿𝑥
 is the migration 

component, concentration gradient
𝛿𝐶(𝑥,𝑡)

𝛿𝑥
 is the diffusion component and v(x,t) is the convection 

component. 

 Typically, cyclic voltammetry and chronoamperometry are based on the diffusion of 

electro-active species to the electrode surface in an unstirred and convection-free solution, thus 
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the effect of migration and convection are undesirable. In experiments of cyclic voltammetry and 

chronoamperometry, a concentration gradient between electrode surface and bulk solution was 

created during electrolysis. The current response can be directly related to diffusion 

component
𝛿𝐶(𝑥,𝑡)

𝛿𝑥
 which is showed in eq. 3.2 

𝑖 = 𝑛𝐹𝐴𝐷(𝛿𝐶(𝑥, 𝑡)/𝛿𝑥)         (3.2) 

3.2.3 Cyclic voltammetry 

 Cyclic voltammetry is a potential sweep method where a stationary planar disk working 

electrode is placed in an unstirred solution. An initial potential (Ei) is set for working electrode, 

where the electro-active species are not yet electrolyzed. The potential of the electrode then 

change in a constant rate which is known as scan rate, v (mV/s). This process is called linear 

sweep.  The potential is linearly changing to a potential called switching potential (Eλ), where the 

linear sweep is reversed and then potential is scanned in an opposite direction until it goes back 

to Ei (Figure 3.5(a)). 

 The potential range between (Ei) and (Eλ) depends on the electrochemical window of the 

liquid during which all possible electrochemical reactions would be observed. Typically, for 

electro-active species that are solvated in both reduction and oxidation form, the current response 

for the forward sweep almost appears symmetry to reverse potential sweep, as described in 

Figure 3.5b. However, the shape of cyclic voltammetry is quite different for electrodeposition of 

metals, shown in 3.5c. 
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Figure 3.5 Schematic diagram of a typical cyclic voltammetry: (a) typical potential sweep 

program (b) current responses for a freely diffusing electrochemical couple; (c) current response 

for the electrodeposition and stripping of a metal 

 

3.2.4 Chronoamperometry 

 Chronoamperometry is a potential step method in which potential is stepping from a 

starting potential (E1) where no faradaic process occur to a more negative potential (E2), where 

the kinetics of reduction/oxidation is considerably high that E2 can be deemed to be in mass-

transfer-limited region. During the electrodeposition process, current is generated from reduction 

of Mn+ to M on the electrode surface. The diffusion layer is the region of solution depleted of 

Mn+ relative to the bulk solution, and the thickness of layer is𝛿𝑥. At the beginning of the process, 

(a) 

(b) (c) 
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the concentration gradient, 
𝛿𝐶(𝑥,𝑡)

𝛿𝑥
, is large and thickness 𝛿𝑥 is small. With increasing time, the 

diffusion layer thickness increases and concentration gradient decreases due to the diffusion and 

reduction of Mn+ at the working electrode. The current response is proportional to concentration 

gradient as we discussed in eq. 3.2; therefore, current decreases with passing time. For a linear 

diffusion to a planar disk electrode, the current response as a function of time is given in Cottrell 

equation [42]: 

𝐼 = 𝑛𝐹𝐴𝐶(𝐷/𝜋)1/2𝑡−1/2 

Where I is current, A is real surface area of electrode, D and C are diffusion coefficient and 

concentration of the bulk solution respectively, F is Faraday’s constant, n is the charge number 

and t is the time. 

 The potential program used to carry out chronoamperometry along with graphical 

waveform of concentration profile and plot of current as a function time is described in Figure 

3.6 [43]. 
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Figure 3.6 (a) potential variation as a function of time; (b) simulated concentration profile at 

different times; and (c) current as a function of time 

 

 However in the electrodeposition of metals, the nucleation process causes deviation from 

Cottrell behavior. Figure 3.7a shows a typical current time transient for a potential step observed 

during a nucleation involved electrodeposition process. Immediately after applying potential 

pulse, a small current flow is observed due to the double layer charge. The charging current is 

then followed by a steady increasing current which is the result of nucleation. During the 

nucleation process, diffusion occurs in multiple hemispherical fields surrounding the growing 

crystalline. Current eventually reaches its limit im at tm, because individual diffusion zones of the 
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growing crystalline coalesce. Both im and tm are related to applied potential. After reaching im, 

the current begins to decrease and decaying with t-1/2 which is expected for the linear diffusion to 

a planar surface described in Cottrell Equation. Figure 3.7(b) [44] schematically described the 

nucleation process and illustrates how the change in the diffusion from hemispherical to planar 

occurs when hemispherical diffusion zones begin to overlap. 

 

 

Figure 3.7 (a) Typical current responses as a function of time; (b) schematic of nuclei growth 

demonstration overlapping of hemispherical diffusion zones causing linear diffusion to electrode 

 

CV and CA for the solution with dissolved zinc oxide and lead oxide were performed 

using a three electrode system which is consisting of platinum wire (0.004 in diameters, Alfa 
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Aesar) as counter, silver wire (0.004 in diameters) as reference and tungsten wire (0.019 in 

diameters) as working electrode. Figure 3.8 and 3.9 show the schematic setup and actual 

photograph for the setup of electrochemical studies in the ionic liquid. 

 

Figure 3.8 Schematic electrochemical measurement setup 

 

 

Figure 3.9 Photograph of actual experimental setup for electrochemical measurement 
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3.2.5 Electrodeposition process 

Electro-deposition was performed in the same electrolyte using copper foil (0.02 in 

thickness, in a controlled exposed surface) as working and platinum wire (0.004 in diameters) as 

counter. Applied voltage was measured directly between cathode and anode. [BMIM]HSO4 was 

added as an additive agent before electrodeposition process. All the electrodes were rinsed with 

acetone and deionized water and dried before and after all measurements. Electrolyte was stirred 

at a constant speed using a magnetic stirrer. The temperature was controlled by placing the whole 

electrochemical cell on a hot plate. A thermometer was inserted into the solution to monitor 

temperature. The electrolyte was keeping for half an hour after reaching the final temperature. 

The schematic electrodeposition setup is shown in Figure 3.10. 

 

Figure 3.10 Schematic of electrodeposition setup 

3.2.6 SEM and EDS Analysis 

The morphology and elemental analysis of the deposits were carried out using Scanning 

Electron Microscope (SEM), model JEOL 7000 equipped with Energy Dispersive Spectrometer 



  

31 

 

(EDS). Samples were directly mounted on SEM sample stub using carbon conducting tape for 

morphological analysis. Samples are completely rinsed with ethanol and deionized water, then 

dried in the air prior to use. The SEM images were obtained by setting accelerating voltage at 

20kV, and a working distance of 10.0mm. 

3.2.7 XRD Analysis 

The characterization of zinc deposits on the working electrode were analyzed using X-ray 

diffraction pattern obtained from a Phillips MPD XRD using a monochromated Cu kα radiation. 

Samples are completely rinsed with ethanol and deionized, then dried in the air before use. 

Deposits along with substrate material were directly mounted on silica glass which was then 

inserted into diffractometer. The resulting pattern was compared with the standard ICDD card. 
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CHAPTER 4 

ZINC ELECTRO-DEPOSITION 

 

4.1 Dissolution of zinc oxide in choline chloride and urea based ionic liquid 

The dissolution of ZnO in 2:1 Urea/ChCl electrolyte was studied using Fourier Transform 

Infrared Spectroscopy (FTIR). Figure 4.1(b) shows the FTIR spectrum of neat 2:1 Urea/ChCl 

electrolyte and the spectral analysis of bond-stretching frequencies for different functional 

groups of Urea/ChCl indicate a close agreement with the corresponding reported peaks from 

literature (in Table 4.1) [45, 46]. Figure 4.1(a) shows the FTIR spectrum of 2:1 Urea/ChCl 

electrolyte containing dissolved 0.82mol/L ZnO. Noticeably, on comparison with the blank 

spectrum of Figure 4.1(b), an additional absorption peak was observed at 2150 cm-1 because of 

dissolution of ZnO in the electrolyte. Cl- ions of the electrolyte weakens the chemical bond of 

dissolved ZnO molecule and then Zn (II) ion of ZnO interacts with urea molecule and forms 

complex anion, [ZnClO∙ urea]-. The additional absorption peak, of Figure 4.1(a), is associated 

with the stretching vibration of Zn (II) - urea bond of [ZnClO∙ urea]- ion [45] and therefore, acts 

as a diagnostic tool to identify the dissolution of ZnO in 2:1 Urea/ChCl electrolyte. 
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Table 4.1 Standard infrared absorption of stretching and bond variations for different 

functional groups 

 

Functional Group Characteristic Absorptions 

(cm-1) 

      Intensity 

-NH2
          3202-3444 Strong 

-RNHC=ONHR 1620-1668 Strong 

-CH3 1360-1474 Strong 

-R4N
+        970-1360 Medium 

-CCO       955 Strong 

 

 

Figure 4.1 FTIR spectrum of (a) with zinc oxide addition in 2:1 Urea/ChCl; (b) 2:1 Urea/ChCl 

mixture 
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Dissolution of ZnO in 2:1 Urea/ChCl electrolyte is affected by (a) the temperature of 

mixing, and (b) the concentration of ZnO additions. Figure 4.2 shows the effect of temperature 

on dissolution of 0.82mol/L ZnO in 2:1 Urea/ChCl using FTIR spectra. The area of the 

characteristic absorption peak, from 2100 cm-1 to 2300 cm-1, increases with the rise in 

temperature from 70 to 100°C, thus, implying faster dissolution rate of ZnO at higher 

temperatures. In addition, the viscosity of the electrolyte depends on the temperature. At higher 

temperature, the migration of Cl- ions in the electrolyte becomes faster with the lowering of 

electrolyte’s viscosity. Increase in concentration of Cl- ions results in higher concentration of 

[ZnClO∙ urea] – complex ion, and therefore, stronger FTIR absorption peak were observed from 

2100 cm-1 to 2300 cm-1 at higher temperature. Figure 4.3 shows the effect of the amount of ZnO 

additions on its dissolution in the electrolyte at 100°C. Solutions contained ZnO in different 

concentration (from 0.41 to 2.05mol/L) are measured with respect to FTIR absorption intensities 

of the peak, from 2100 cm-1 to 2300 cm-1, showing an increase in peak intensity in higher ZnO 

concentration, but no change in the peak intensity observed for solution with 2.05mol/L ZnO, 

thus indicating the solubility limit for ZnO in 2:1 Urea/ChCl electrolyte is 1.23mol/L at 100°C.  
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Figure. 4.2 FTIR absorbing peaks (from 2100 to 2300 cm-1) of 0.82mol/L ZnO in 2:1 Urea/ChCl 

at different temperatures  
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Figure 4.3 FTIR absorbing peaks (from 2100 to 2300 cm-1) of ZnO in 2:1 Urea/ChCl in different 

concentrations at 100°C 

 

4.2 Electrochemical measurement of zinc oxide in studied system 

The enhanced dissolution of ZnO in 2:1 Urea/ChCl eutectic mixture exhibits a great 

potentiality for electro-deposition of zinc. Cyclic Voltammetry (CV) was used to study the 

electrode reaction mechanism and electron transfer process. Three-electrode system was 

composed of tungsten as working electrode, platinum as counter electrode and silver as reference 

electrode. Background scan of blank electrolyte was recorded and established to investigate the 
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cathodic limit as well as to examine the reproducibility of reference electrode, as seen in Figure 

4.4.  

 

Figure 4.4 Cyclic Voltammetry in electrolyte with zinc oxide addition compared to blank 

electrolyte at a temperature of 100°C, scan rate at 50mv/s  

 

Cathodic limit was observed at -1.22V on tungsten electrode between the reduction and 

oxidation potential range of zinc. The reduction potential which observed at -1.22V in pure ionic 

liquid can be explained as formation of hydrogen [46]. The ZnO added solution was analyzed 

within the cathodic limit. As seen in Figure 4.4, the reduction potential was found at -1.1V which 

can be attributed to reduction of Zn2+ to Zn; accordingly, the followed oxidation potential was 
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mainly due to the stripping process of deposited Zn on the working electrode.  The deposits have 

been confirmed as Zn in the following XRD and EDS analysis.  

Meanwhile, additional cyclic voltammetry experiments were carried out with different 

scan rates (a) 20mv/s; (b) 35mv/s; (c) 50mv/s; (d) 65mv/s; (e) 80mv/s, as seen in Figure 4.5 to 

get a better understanding of electrochemical behavior in the process of zinc deposition. The 

maximum deposition potential (Epc) and cathodic current density (ipc) both increase with 

increasing scan rate, while the reduction and oxidation potential do not shift significantly. The 

asymmetric reduction oxidation peak indicated that depositing zinc and its stripping process are 

irreversible. The peak cathodic current (ipc) was plotted as a function of square root of potential 

scan rate (v1/2) and a fairly good linear relationship was obtained which suggests diffusion 

controlled process (inset graph of Figure 4.5) as described in equation below [41]:  

𝐼𝑝 = 0.4958 × 10−3 × 𝑛
3

2𝐹
3

2𝐴(𝑅𝑇)−
1

2𝐷
1

2𝐶∗𝑣
1

2(𝛼)
1

2     (4.1) 

Where 𝑛𝑎 is the number of transfer electron that controls the reaction, A is the area of electrode, 

𝐶∗ is the concentration of solution, 𝐷 is the diffusion coefficient, 𝛼 is the transfer coefficient, F is 

Faraday constant, T is absolute temperature, R is gas constant. 

The value of transfer coefficient (𝛼) can be obtained from equation (4.2) [41] 

|Ep-Ep1/2|=1.857RT/ 𝛼𝑛F                  (4.2) 

In which Ep and Ep1/2 are cathodic peak potential and half peak potential, respectively, R is gas 

constant, T is temperature, and F is Faraday constant. The ipc vs. v1/2 was plotted as a function of 

temperature, showed in Figure 4.6. Accordingly, the diffusion coefficient is calculated in 

different temperature and values are included in Table 4.2. By plotting lnD as a function of 1/T, 

the activation energy for the system is calculated to be 107.09kJ/mol [47-49]. 
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Table 4.2. Summarization of transfer coefficient and diffusion coefficient value in different 

temperature 

Temperature          

(°C) 

Transfer coefficient       

(𝛼)  

Diffusion coefficient                       

( cm2/s) 

70 0.225 1.14×10-7 

80 0.224 3.78×10-7 

90 0.180 7.66×10-7 

100 0.258 2.84×10-6 

 

 

 

Figure 4.5 Cyclic voltammograms of ZnO addition (0.41mol/L) to 2:1 Urea/ChCl eutectic 

mixture at a temperature of 100°C scan rate (mV/s): (a) 20; (b) 35; (c) 50; (d) 65; (e) 80 

respectively; the inset graph exhibits the relationship between ipc and v1/2 
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Figure 4.6 Cathodic peak current density as a function of square root of scan rate in 2:1 urea and 

choline chloride ionic liquid in various temperatures: (1) 100°C; (2) 90°C; (3) 80°C; (4) 70°C 

 

4.3 Investigation of Zn nucleation and growth mechanism  

To further investigate the nucleation and growth mechanism for the electro-deposition of 

zinc on foreign substrates in Urea/ChCl eutectic mixtures, chronoamperometry was performed. 

A collection of current-time transients were obtained by stepping the potential from the initial 

value of -1.0V where the substrate layer is stable, to the value that is negatively sufficient to 

initiate the nucleation and growth of zinc, as illustrated in Figure 4.7.  
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Figure 4.7 Current-time transients resulting from chronoamperometry of ZnO addition (0.41 

mol/L) to 2:1 Urea/ChCl mixture at 100°C in different overpotentials: (a) -1.0V; (b) -1.1V; (c) -

1.2V; (d) -1.3V 

All current-time transients follow the typical trend of diffusion- controlled nucleation and 

growth which is characterized by a sudden change in current appeared at the first 0.02 s which is 

due to the electrochemical double layer charge; a subsequent rising portion is attributed to an 

increase in electro-active area in which nucleation occurs. A hemispherical diffusion zone 

around the nuclei was generated during the process of nuclei growth. Since the overlapping of 

these zones, hemispherical mass transfer changes its way to planar mass transfer. Thus, a 

maximum current density im obtained in tm and started to decay after reaching its peak. The 

decaying portion of the transient is described in Cottrell equation [50]. Shorter time period is 

needed to reach its maximum current when more negative potentials are applied. 



  

42 

 

The most widely used model to describe nucleation and growth mechanism was first 

introduced and developed by Scharifker and Hills [51]. In their theory, the three-dimensional 

nucleation and growth processes occurred during the electro-deposition process of metal on 

foreign substrates can be described as either instantaneous nucleation (fast nucleation on small 

number of active sites) or progressive nucleation (slow nucleation on large number of active 

sites) process. The resulting expression to distinguish instantaneous and progressive nucleation is 

as followed Eq. 4.3 and 4.4 [52]: 

(𝑖/𝑖𝑚)2 = 1.9542 (
𝑡

𝑡𝑚
)

−1
{1 − exp [−1.2564(𝑡/𝑡𝑚)]}2  (4.3) 

(𝑖/𝑖𝑚)2 = 1.2254 (
𝑡

𝑡𝑚
)

−1
{1 − exp [−2.3367(𝑡/𝑡𝑚)2]}2 (4.4) 

To understand whether the process is instantaneous or progressive nucleation, a common 

method is to compare the experimental current-time transients with theoretical transients of each 

mechanism, as presented in Figure 4.8. It exhibits the comparison of dimensionless current 

density-time transients with theoretical model which is obtained from Eq. 4.3, and 4.4. 

Instantaneous nucleation process takes place at each potential. The current density trend at longer 

time period is larger than predicted instantaneous model which is due to the hydrogen reduction 

on the electrode. All nucleation processes come with diffusion-controlled growth. 
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Figure 4.8 Comparison of the dimensionless experimental current-time transients over a 

potential range: (□) -1.1V; (○) -1.2V; (∆) -1.3V, to the theoretical models for instantaneous and 

progressive nucleation with a diffusion controlled growth of zinc nuclei 

 

The diffusion coefficient (D in cm2/s) is obtained by knowing im and tm in Figure 4.7, as 

shown in Eq. 4.5 [53, 54]: 

𝑖𝑚
2 𝑡𝑚 = 0.1629(𝑛𝐹𝐶)2𝐷          (4.5) 

Nuclei density (N in cm-2) can be calculated according to Eq. 4.6 [52]: 

𝑖𝑚 = 0.6382𝑛𝐹𝐶𝐷(𝑘𝑁)1/2   (4.6) 
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Where k is equating constant which has a value of (8CM/ρ)1/2 for instantaneous nucleation, 𝜌 

and M are the density and molecular weight of Zn, respectively, C is the concentration of Zn2+, n 

is the number of transferred electron, and F is the Faraday constant. Results are recorded in Table 

4.3. The diffusion coefficient was found to be ranging from 1.02×10-8 to 2.73×10-8cm2/s 

accorded to applied potential. 

Table 4.3 Chronoamperometry data for zinc nucleation and growth 

E 

(V) 

tm 

(s) 

im 

(mA/cm2) 

D 

(cm2/s) 

N 

(cm-2) 

-1.1 0.08 13.75 1.02×10-8 1.36×109 

-1.2 0.07 20.75 1.92×10-8 7.66×108 

-1.3 0.06 26.75 2.73×10-8 6.30×108 

 

4.4 Electro-deposition process 

The potentiostatic electrodeposition of zinc were conducted at 90°C on Cu substrate. 

Given that predominant [ZnO∙nCl∙urea]n-
 has been confirmed by other authors [45, 55] and the 

fact that stretching CCO bond found in FTIR at 955cm-1, the structure of Ch+ is not destroyed in 

Urea-ChCl system. As a result, the remaining Ch+ may react with [ZnO∙nCl∙urea]n- obtained two 

electrons forming Zn deposits on the cathode and left [HOC2H4N(CH3)3 OCl∙urea]2- as possible 

anion which may remain in the solution. The possible electrode reactions have shown below: 

Cathodic reactions: 

                                          ZnO+nCl-+urea→ [ZnO∙nCl∙urea]n-                                                 (4.7)                               

HOC2H4N (CH3)3
+ + [ZnO∙nCl∙urea]n- + 2e-→Zn + [HOC2H4N(CH3)3 O∙nCl∙urea](n+1)-         (4.8) 

Anodic reactions: 

[HOC2H4N(CH3)3O∙nCl∙urea](n+1)-+ZnO→[ZnO∙nCl∙urea]n-+HOC2H4N(CH3)3
++2e-+0.5O2 (4.9) 
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Overall:  

                                                ZnO(s) → Zn (cathode) + 0.5O2
                                               (4.10) 

The XRD pattern in Figure 4.9 shows in common with the characteristic diffraction peaks 

of Zn (ICDD File No.00-004-0831) at which 

is corresponded to (002), (100), (101), (102), (103), (112), (201), and (104) diffraction peaks of 

hexagonal zinc particle. The distinct peak observed at 50.4° is coming from Cu substrate 

according to ICDD File No. 00-004-0836.  

 

Figure 4.9 X-ray diffraction (XRD) pattern for Zinc deposits on cathode 

 

The composition analysis was conducted using EDS, as shown in Figure 4.10. As 

expected, all strong peaks account for zinc and weak Cu peaks are from substrate.  
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Figure 4.10 EDS spectrum analysis for zinc coating on the cathode 

 

The morphology of zinc deposits on the cathode which obtained in different reduction 

potentials are shown in Figure 4.11. As seen in Figure 4.11(a), at -1.1V, nodular zinc particle 

was found while the film is not compact or uniform. However in Figure 4.11(b), the zinc 

deposits which obtained in a fixed potential of -1.2V exhibit coarse, typical hexagonal zinc 

crystals. At this stage, the film is dense and the growth of grain is significant which can reach an 

average size of m. As potential goes more negative to -1.25V in Figure 4.11(c), agglomeration 

of particles observed while zinc particle is no longer grown in size. However, individual particle 

starts to split into small plate-like structure. In Figure 11(d), zinc deposits obtained from -1.3V 

appear to show morphology consisted of only platelets that perpendicular to the substrate 

surface. As seen from micrograph in higher magnification, the stacked-up platelets agglomerate 

inside each grain where further nucleation seems to occur along with the formation of plate-like 

crystal. Liu et al also observed similar changing morphology of the deposits that occur due to 

solvation layers absorbed at the growing Zn surface [56]. 
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Figure 4.11 SEM micrographs of zinc deposits on Cu substrate in different potential: (a) -1.1V; 

(b) -1.2V; (c) -1.25V; (d) -1.3V at temperature of 100°C. On the right are pictures in higher 

magnification 

a 

b 

c 

d 
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4.5 Effect of cell voltage 

 The applied cell voltage is measured directly through cathode to anode. Basically, it is 

consisted of four parts, namely, decomposition potential, anodic over-potential, cathodic over-

potential, and electrolyte iR drop. The decomposition potential can be approximated after 

knowing Gibbs free energy of the reaction. For example, for ZnO, the decomposition potential is 

shown below: 

ZnO = Zn + 0.5O2  ∆G=311.590 kJ/mol 

E0 = -1.615V 

Both cathodic and anodic over-potential can be measured using voltmeter. The electrolyte iR 

drop is given by: 

ViR = iL/σ 

Where I is current density, L is electrode separation, σ is electrolyte conductivity. After that, the 

decomposition potential can be calculated by: 

Vcell = V0 + ViR + ηa + ηc 

In our study, the effect of cell voltage is studied on the morphology change of deposited layer. In 

order to compare with the industrial used cell voltage which is 3.5V, we are using applied 

voltage from 2.7V to 3.6V. As seen in Figure 4.12, applied voltage exert significant effect on the 

grain growth, the average grain size has increased from 2 m to 20 m in length. However, it 

doesn’t show much improvement in surface layer morphology. 
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Figure 4.12 SEM images of deposited zinc on Cu substrate at different applied voltages: (a) 

2.7V; (b) 3.0V; (c) 3.3V, at a temperature of 100°C 

 

4.6 Effect of temperature 

 The effect of temperature on the morphology of zinc deposited film on the cathode is 

studied as well. As seen in 4.13a, zinc deposits seem to have a non-uniformity but compact film 

with smaller particle size about 0.5 m at 70°C. With increasing temperature to 80°C which is 

showed in 4.13b, the zinc deposits show a typical hexagonal crystalline structure with a larger 

average particle size compared to the one obtained from lower temperatures. The overall 

morphology appears the same in even higher temperature such as 90°C, but with a thicker and 

larger particle with an approximate grain size of 2 m. Further increase temperature to 100°C, it 

a b 

c 
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is showed a brighter grain with an average particle size about 3 m. At this point, we notice that 

temperature largely influenced surface morphology of generating nodular cauliflower like 

structure which is observed at the top of each particle.  

   

   

Figure 4.13. SEM images of deposited zinc on Cu substrate at different temperature: (a) 70°C; 

(b) 80°C; (c) 90°C; (d) 100°C, at 3.0V 

 

 

4.7 Effect of [BMIM]HSO4 as additive agent on deposit layer surface morphology 

 In the present study, since [BMIM]HSO4 has been used widely as lubricant, we propose 

that it can act as leveling agent to improve the quality of deposits in respect of surface 

morphology. The effect of [BMIM]HSO4 on Zn morphology was studied using scanning electron 

70°C 80°C 

90°C 100°C 
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microscopy (SEM). Typical SEM micrographs are shown in Figure 4.14a-c. In the presence of 

[BMIM]HSO4, the deposited layer align smoothly and finer grain in found in the solution with 

higher additive concentration. With introducing [BMIM]HSO4 to the solution, the formation of 

absorbed layer at the surface of electrode can effectively increase interfacial viscosity, thus the 

mass transfer process slow down which leading to a decrease in deposition rate. As a result, finer 

grains are observed. 

 

Figure 4.14. SEM images of deposited zinc on Cu substrate at different concentration of 

additives: (a) 1mg/mL; (b) 1.5mg/mL; (c) 2mg/mL, at 100°C 
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4.8 Energy consumption calculation  

Cathode current efficiency (ŋ) is defined as the percentage of the actual amount of 

deposited zinc to theoretically expected amount of zinc. The actual weight gain (∆W) was 

calculated from weight change (∆W= WFinal -Winitial). While the theoretical weight gain was 

calculated by using Faraday’s law:  

𝑊𝑇 =
𝐼𝑡𝑎

𝑛𝐹
   (4.11) 

Where I is the current that is passed through working electrode and counter electrode, t is the 

time, It is calculated from the total area under the curve of I vs. t plot (as seen in Figure 4.15), a 

is atomic weight of zinc, n is the number of exchange electron, and F is Faraday constant. The 

current efficiency is given by Eq. 4.12: 

𝜂 =
𝛥𝑊

𝑊𝑇
× 100%  (4.12) 

The energy consumption during the process of electro-deposition of zinc was determined using 

current efficiency and applied voltage as described in Eq. 4.13: 

𝐸 =
𝑉𝑄

𝜂
    (4.13) 

Where V is applied voltage, Q is total coulomb passed through the electrodes, ŋ is the efficiency. 

The calculated energy consumption for the reduction of ZnO to Zn varies from 2.69 to 4.09 

kWh/kg of Zn and is included in Table 4.4. Although the urea and choline chloride mixture is 

more costly than traditional sulfuric aqueous solution, the electrodeposition in ionic liquid is 

promising since energy consumption is lower and current efficiency is higher in optimized 

experimental conditions compared to those for zinc electro-winning cell in zinc sulfate (~3.26 

kWh/kg) [7]. Moreover, the only gas emission is O2 which means our system is environmental 

friendly.  
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Figure 4.15 Plots of current density as a function of time, at various applied voltage: (a) 2.7V; (b) 

3.0V; (c) 3.3V; (d) 3.6V 
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Table 4.4 Comparison between zinc electrodeposition process in studied ionic liquid and 

industrial zinc production process in acidic solution 

Parameters Electrodeposition in Ionic 

liquids 

(This study) 

Industrial electrodeposition 

in sulfate 

Cell voltage  

(Volts) 

2.7-3.6 ~3.5 

Current density 

(A/m2) 

5-130 500 

Energy 

consumption 

(kWh/kg) 

2.59-4.09 ~3.26 

Current efficiency  

(%) 

Up to 92.6% ~90% 

Gas release O2 SO2 

Raw material ZnO Zinc contained ore 

Annual production 604.8 grams/1.1 cm2 (12 

months; 24 hrs/day); 

2810.85 m2 is required 

17000 Tons (12 months; 24 

hrs/day) 
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CHAPTER 5 

LEAD ELECTRO-DEPOSITION 

 

5.1 Dissolution of lead oxide in studied ionic liquid 

The stretching bond analysis of PbO added urea and choline chloride eutectic mixture has 

been done by following same procedure as in dissolution measurement of ZnO. FTIR pattern 

showed that a distinct peak found at ~2150 cm-1 and can be attributed to [PbClO]- complexes 

with urea forming [PbClO∙ urea]-. Temperature and concentration have been confirmed to have 

effect on absorption peak as described in ZnO dissolution process. Figure 5.2 display the FTIR 

spectra (from 2000 cm-1 to 2500 cm-1) for 0.015 to 0.075 mol/L PbO additions to the electrolyte. 

The inset of Figure 5.2 shows the variation of peak absorbance at ~ 2150 cm-1 with the 

concentration of PbO additions, and clearly indicates the increase in dissolution of PbO in the 

electrolyte at higher concentrations. The maximum concentration of PbO considered for the 

complete dissolution is 0.075mol/L, above which, a yellowish insoluble precipitate was observed 

in the electrolyte solution. Figure 5.3 display the FTIR spectra (from 2000 cm-1 to 2500 cm-1) of 

0.03mol/L PbO addition to the electrolyte at different temperatures. The inset of Figure 5.3 

shows a linear effect of temperature on IR peak absorbance at ~ 2150 cm-1. At higher 

temperature, the migration of Cl- ions in the electrolyte becomes faster with the lowering of 

electrolyte’s viscosity. Increase in concentration of Cl- ions results in higher concentration of 

[PbClO∙ urea] – complex ion, and therefore, stronger FTIR absorption peak were observed from 

2100 cm-1 to 2200 cm-1 at higher temperature. Considering the thermal decomposition point of 
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the electrolyte, the maximum temperature for the dissolution of PbO is not exceeded beyond 

100°C.  

 

 

Figure 5.1 FTIR spectrum analysis of urea and choline chloride based ionic liquid with addition 

of PbO (0.03mol/L), comparing with blank electrolyte, at 100°C 
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Figure 5.2 FTIR absorbing peaks (from 2000 to 2500 cm-1) of 0.015-0.075mol/L PbO additions 

to 2:1 Urea/ChCl at 100°C and the inset showing IR absorbance peak of PbO vs. concentration 

of PbO additions 
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Figure 5.3 FTIR absorbing peaks (from 2000 to 2500 cm-1) of 0.03mol/L PbO in 2:1 Urea/ChCl 

               at different temperatures and the inset displaying IR absorbance peak of PbO vs. 

temperature 

 

5.2 Electrochemical measurements of PbO in studied system 

The enhanced dissolution of lead oxide in 2:1 Urea/ChCl mixture lays foundation of lead 

electrodeposition process. The electrochemical window for this type of ionic liquid was 

investigated to be ~1.3V, which is large enough to get aimed lead deposited. The cyclic 

voltammetry for blank electrolyte was compared to solution with lead oxide addition, as seen in 

Figure 5.4. The reduction potential was observed in -0.37V and corresponding oxidation 

potential in -0.42V. It can be attributed to the reduction of Pb2+ to Pb and the stripping process of 
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deposited Pb. The cathodic deposit was verified to be Pb in XRD and EDS in the following 

section.  

 

Figure 5.4 Cyclic voltammetry of electrolyte with 0.06mol/L PbO, compared to blank 

electrolyte in a temperature of 90°C, scan rate at 50mv/s 

 

To determine the irreversibility of this reaction, typical voltammograms were recorded in 

various scan rates: (a) 20mv/s; (b) 35mv/s; (c) 50mv/s; (d) 65mv/s; (e) 80 mv/s; (f) 95mv/s, as 

showed in Figure 5.5. 
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Figure 5.5 Cyclic voltammetry of 2Urea/1ChCl electrolyte with 0.06mol/L PbO in a temperature 

of 90°C scan rate: (a) 20mv/s; (b) 35mv/s; (c) 50mv/s; (d) 65mv/s; (e) 80mv/s; (f) 95mv/s 

 

 The reduction and oxidation potential do not shift significantly while the asymmetric 

peaks were found. The recorded cathodic peak potentials are nearly linear with increased scan 

rate, as indicated in Figure 5.6.  
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Figure 5.6 Cathodic peak potential as a function of scan rate  

 

The separation between cathodic peak potential and anodic peak potential is observed to 

be average 170mV which is much more than 30mV calculated from Eq. 5.1 [57] if the reaction is 

reversible:  

|Epc- Epa|=2.3RT/nF   (5.1) 

Where R is gas constant, T is absolute temperature, n is number of transferred electron, F is 

Faraday’s constant, Epc and Epa are maximum cathodic and anodic potential respectively. Above 

mentioned evidences suggest that the reduction of Pb2+ to Pb is an irreversible process [58,59] 
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To investigate if the reaction was controlled by diffusion of electro-active species in the 

solution, Figure 5.7 was showed.  

 

 

Figure 5.7 Cathodic peak current density as a function of square root of scan rate in 2:1 urea and 

choline chloride ionic liquid in various temperatures: (a) 70°C; (b) 80°C; (c) 90°C 

 

The peak cathodic current density was plotted as a function of square root of scan rate, 

recorded in various temperatures to examine the reproducibility. A good linear relationship 

between maximum cathodic current density and square root of scan rate was observed. These 

facts show that the reduction process is diffusion controlled, and the following Eq. 5.2 [41] is 

applied:  
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              𝐼𝑝 = 0.4958 × 10−3 × 𝑛
3

2𝐹
3

2𝐴(𝑅𝑇)−
1

2𝐷
1

2𝐶∗𝑣
1

2(𝛼)
1

2   (5.2) 

Where 𝑛𝑎 is the number of transfer electron that controls the reaction, A is the area of electrode, 

𝐶∗ is the concentration of solution, 𝐷 is diffusion coefficient, 𝛼 is the transfer coefficient, F is 

Faraday constant, T is absolute temperature, R is gas constant. 

The value of transfer coefficient (𝛼𝑛𝑎) can be obtained from Eq. 5.3 [41]: 

|Ep-Ep1/2|=1.857RT/ 𝛼𝑛𝑎F   (5.3) 

In which Ep and Ep1/2 are cathodic peak potential and half peak potential, respectively, R is gas 

constant, T is temperature, and F is Faraday constant.  

The temperature dependence of diffusion coefficient is studied in a temperature range 

within 70°C to 90°C. By substituting other term in equation (5.2), diffusion coefficient can be 

calculated from the slope in Figure 5.7. Transfer coefficient and diffusion coefficient values are 

given in Table 5.1. By plotting lnD as a function of 1/T, activation energy of Pb2+ diffusion in 

the system is calculated to be 124.7kJ/mol [47-49]. 

Table 5.1. Summarization of transfer coefficient and diffusion coefficient value as a function 

of temperature 

Temperature (°C) Transfer coefficient(𝛼)   Diffusion coefficient( cm2/s) 

70 0.5487 1.09×10-8 

80 0.6274 2.78×10-8 

90 0.5280 1.42×10-7 
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5.3 Nucleation and growth mechanism 

To further investigate the nucleation and growth process of lead nuclei during the electro-

deposition, chronoamperometry was performed in unstirred solution. Figure 5.8 shows cathodic 

current density vs. time transient in a fixed temperature of 90°C.  

 

 

Figure 5.8 Current-time transients recorded in chronoamperometry experiments of 0.06mol/L 

PbO in 2:1 urea/ ChCl at 90°C on tungsten electrode in various reduction potentials: (a) -0.5V; 

(b) -0.7V; (c) -0.9V; (d) -1.1V 

 

A collection of current-time transients were obtained by stepping the potential from the 

initial value of -0.5V where the substrate layer is stable, to the value that is negatively sufficient 

to initiate the nucleation and growth of lead. All current-time transients follow the same trend. A 
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rising portion is attributed to nuclei growth and the number of nuclei increases in the electro-

active area. During the process of nuclei growth, it generates hemispherical diffusion zones 

around themselves. Since the overlapping of these zones, hemispherical mass transfer changes its 

way to linear mass transfer. As a result, a maximum current density im obtained in tm and started 

to decay with a linear relationship between current density (i) and square root of time (t1/2), as 

seen in Cottrell equation in Eq. 5.4 [50]: 

𝐼 = 𝑛𝐹𝐴𝐶(𝐷/𝜋)1/2𝑡−1/2                                (5.4) 

Where I is the current passing through the electrolyte, n is the number of transferred electron, F 

is Faraday’s constant, A is the area of electrode, C is the concentration, t is the time and D is the 

diffusion coefficient of electro-active species. Cottrell plot exhibits current density (i) as a 

function of t1/2 in Figure 5.9.  
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Figure 5.9 Variation of current density as a function of square root of time recorded for the 

decreasing portion of current-time transients obtained at (■) -0.7V; (●) -0.9V; (▲) -1.1V from 

Fig 5.8 

 

The diffusion coefficient in the process of nuclei growth was calculated. The calculated 

diffusion coefficients were in a range of 4.11 ×10-7 through 9.45 ×10-7 cm2/s, recorded in Table 

5.2. 
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Table 5.2. Summarization of calculated chronoamperometry data in Urea/ChCl ionic liquid 

system 

E tm im D(cm2/s) N 

(V) (s) (mA/cm2) Cottrell Equation Chronoamperometry (cm-2) 

-0.7 0.024 14.8 4.11×10-7 2.42×10-7 4.15×108 

-0.9 0.022 24.5 6.12×10-7 6.09×10-7 1.79×108 

-1.1 0.02 33.5 9.45×10-7 1.03×10-6 1.17×108 

 

 

The 3-D nucleation and growth model which introduced by Scharifker and Hills is used 

in the previous Chapter 4. Here we follow the same procedure by which comparing 

dimensionless current –time transient to theoretical 3-D instantaneous or progressive nucleation 

model. Eq. 5.5 and 5.6 describe instantaneous and progressive model respectively [51]: 

(𝑖/𝑖𝑚)2 = 1.9542 (
𝑡

𝑡𝑚
)

−1
{1 − exp [−1.2564(𝑡/𝑡𝑚)]}2 (5.5) 

(𝑖/𝑖𝑚)2 = 1.2254 (
𝑡

𝑡𝑚
)

−1
{1 − exp [−2.3367(𝑡/𝑡𝑚)2]}2 (5.6) 

The dimensionless current-time transients for -0.9V and -1.1V are taken as example to compare 

with theoretical nucleation processes, as in Figure 5.10.  
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Figure 5.10 Comparison of the dimensionless experimental current density-time transients to the 

theoretical three-dimensional nucleation model (instantaneous and progressive) with diffusion-

controlled growth of the lead nuclei, recorded in (■) -0.9V; (○) -1.1V 

 

It shows evidence that the process of electro-deposition of lead from lead oxide via urea 

and choline chloride based ionic liquid is controlled by instantaneous nucleation. Similar 

observation was found on -0.5V and -0.7V (not showed here).  By obtaining im and tm from each 

transients in Figure 5.8, diffusion coefficient (D in cm2/s) for instantaneous nucleation process at 

various potentials can be calculated from the Eq. 5.7 [52, 53]: 

𝑖𝑚
2 𝑡𝑚 = 0.1629(𝑛𝐹𝐶)2𝐷   (5.7) 

In which im is maximum current density at time tm, n is transferred electron, F is faraday’s 

constant. The values are recorded and compared to the one calculated from Cottrell equation in 



  

69 

 

Table 5.2. Moreover, the value of nuclei density (N in cm-2) can be calculated according to Eq. 

5.8 [51]: 

𝑖𝑚 = 0.6382𝑛𝐹𝐶𝐷(𝑘𝑁)1/2   (5.8) 

Where k is an equating constant which has a value of (8CM/ρ)1/2 for instantaneous nucleation, C 

is bulk concentration of electro- active species, M and ρ are molecular weight and density of 

deposited metal respectively. Values of diffusion coefficient which were found to be from 

2.42×10-7 to 1.03×10-6 are in good agreement with the data obtained from Cottrell Equation. 

Furthermore, these values are comparable to the values obtained in current investigating Zn and 

Co system and by former group member Pradhan for Al2Cl7
- in AlCl3-BMIC [43] ionic liquid 

(Table 5.3) and Kamavaram for Al2Cl7
- in AlCl3-EMIC ionic liquid [44]. 

Table 5.3 Diffusion Coefficient for different species in various ionic liquid systems 

Ionic liquid Predominant Species T (K) D (cm2/s) Reference 

Urea/ChCl [PbO∙Cl∙urea]- 363 2.42×10-7 This work 

Urea/ChCl [ZnO∙Cl∙urea]- 363 2.73×10-8 Unpublished 

Urea/ChCl [CoCl3]
- 373 1.7×10-7 Unpublished 

AlCl3-BMIC [Al2Cl7]
- 363 2.2×10-7 [43] 

AlCl3-EMIC [Al2Cl7]
- 363 9.1×10-7 [44] 

 

5.4 Electro-deposition process 

 The electrodeposition of lead at fixed potential was conducted at 90°C on Cu substrate. 

The electrode reactions are showed below: 

Cathodic reactions: 

                                             PbO+nCl-+urea → [PbO∙nCl∙urea]n-                                             (5.9) 
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    HOC2H4N (CH3)3
+ + [PbO∙nCl∙urea]n- + 2e- → Pb+ [HOC2H4N(CH3)3O∙nCl∙urea](n+1)-   (5.10) 

Anodic reactions:  

[HOC2H4N (CH3)3O∙nCl∙urea](n+1)- +PbO→[PbO∙nCl∙urea]n-+HOC2H4N(CH3)3
+ +2e-+0.5O2         

(5.11)   

Overall:  

                                                  PbO(s) → Pb (cathode) + 0.5O2
                                              (5.12) 

Figure 5.11 shows the characteristic XRD pattern of Pb electrodeposits obtained from PbO-

Urea/ChCl electrolyte. The standard XRD peaks for Pb (ICDD File No.00-004-0831) occurs at 

angles of 31.33, 36.34, 52.33, 62.27, 65.37, 77.16, 85.62, 88.41 and  show good agreement 

with the standard XRD reflections of Pb. The compositional analysis of Pb deposits was 

conducted using EDS spectrum of Figure 5.12 . All strong peaks of the spectrum are from high 

pure Pb deposits, while the observed weak oxygen peak is mainly because of the exposure to air. 



  

71 

 

 

Figure 5.11 X-ray diffraction (XRD) pattern for lead deposits on cathode 

 

Figure 5.12. EDS analysis for lead deposits on the cathode 

 

 Surface morphology of Pb deposit is investigated in SEM. Figure 5.13 shows the SEM 

morphologies of Pb electrodeposits obtained at different reduction potentials (- 0.7 V to -1.1 V). 

A rod-like crystalline morphology containing diamond shape Pb particles with a diameter of 1 
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m is observed at - 0.7 V (Fig 5.13a). As the reduction potential increases, a mixture of rods and 

platelet crystals is observed at – 0.9 V (Fig 5.13b) and eventually leading to sharper Pb crystals 

of dendritic morphology with a length of 10 m is observed at - 1.1 V (Fig 5.13c). From the 

results of CA experiments, the instantaneous nucleation of Pb nuclei took place in a small 

electroactive surface area, thus causing intense nucleation and growth of Pb particles. The 

nucleation process is very sensitive to the applied voltage and therefore, the morphology of Pb 

particles changed significantly with the increase in potential. Hence, higher negative reduction 

potential tends to promote growth of sharp and elongated Pb particles. 
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Figure 5.13 SEM micrographs of lead deposits prepared in a 2:1 Urea/ChCl ionic liquid at a 

temperature of 90°C in various applied voltages: (a) -0.7v; (b) -0.9v; (c) -1.1v 
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CHAPTER 6 

CONCLUSIONS 

Major goals of this research were achieved by successfully discovering a novel 

production route of zinc and lead pure metal at low temperature (room temperature to 100°C). 

Oxides were used as sources to electrodeposit corresponding metal. A eutectic mixture in 

a molar ratio 2:1 urea and choline chloride was used as electrolyte in this work. The dissolution 

of zinc oxide and lead oxide in studied system has been investigated. Optimized solubility was 

found at a temperature of 100°C. Maximum soluble ZnO concentration in Urea/ChCl eutectic 

mixture was 2.05 mol/L and for PbO was 0.075 mol/L, both measured by comparing the 

absorption peak area of FTIR.  

The reduction potential of Zn2+ to Zn was found at -1.1V, using Ag as reference 

electrode. The reduction of Zn and its corresponding stripping process was characterized as 

irreversible and controlled by diffusion. Current-time transients were generated by stepping from 

-1.1V to -1.5V to investigate nucleation and growth mechanism. Diffusion coefficient was 

confirmed in this process and found the value between 1.02×10-8 and 2.73×10-8 cm2/s 

corresponded to reduction potential. The nucleation process was characterized as instantaneous 

by comparing with 3-D nucleation model. Potentiostatic electrodeposition is done by fixing 

potential from -1.1 to -1.3V. XRD and EDS confirms the Zn in high purity had obtained. SEM 

micrographs were showed morphology changed from small hexagonal crystal to agglomerated 

platelets as increasing potential. In order to improve deposit layer surface quality, the effect of 
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[BMIM]HSO4 as an additive agent was investigated. The addition of [BMIM]HSO4 can 

effectively generate a more compact surface layer on the cathode and promote an improved finer 

grain size. The highest current efficiency of 92.6% was showed in optimized experimental 

condition and lowest energy consumption of Zn was 2.59 kWh/kg, respectively. 

The reduction potential of Pb is -0.37V against Ag electrode. Similarly, irreversible 

diffusion controlled reduction process of Pb is determined. Using the same 3-D nucleation 

model, instantaneous nucleation process is found. The diffusion coefficient in nucleation process 

is from 2.42×10-7 to 1.03×10-6cm2/s with corresponded to applied potential. The diffusion 

coefficient in growth process is in accordance to nucleation as determined to be from -4.11×10-7 

to 9.45×10-7cm2/s. XRD and EDS was confirmed pure Pb obtained. SEM micrographs were 

showed a diamond-like individual particle in -0.7V; a mixture of rods and platelet crystals in -

0.9V; dendritic morphology in -1.1V.  

The activation energy of diffusion of electro-active species in both systems are calculated 

and compared a value of 107.23 kJ/mol in Zn to 124.70 kJ/mol in Pb. Based on this research, a 

flow sheet for extraction of metal from metal oxide feed source technology is developed.   
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APPENDIX I 

CALCULATION OF CURRENT EFFICIENCY AND ENERGY CONSUMPTION DURING 

ZINC ELECTRO-DEPOSITION PROCESS 
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The experiment conducted with modified copper cathode, platinum anode, applied voltage of 

3.5V, at a temperature of 85°C for 2 hours in a non-stirring solution: 

Current Efficiency (ŋ) Calculation: 

Weight of Zn deposit on cathode = ∆W = Wfinal – Winitial= 1.1097 − 1.0751 = 0.0326g 

The theoretical weight (WT) of Zn deposited on cathode was calculated using Faraday’s Law: 

𝑊𝑇 =
𝐼𝑡𝑎

𝑛𝐹
  

 

Where,  

I= Cathodic current (A) 

t= Total experimental time (s) 

a= Atomic weight of Zn=65.39 

nF= Molar charge 

 

It can be calculated from the area under the current density (i) vs. time (t) plot, times by cathode 

area of deposition.  
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Area under the curve = i.t.A = 105.4519 A.s/cm2;  

𝑊𝑇 =
𝑖.𝑡.𝐴.𝑎

𝑛𝐹
 = 

105.4519×65.39

2×96480
 = 0.03573g 

 

Current efficiency, η = actual weight (ΔW) / Theoretical weight (Wt) = 91.2%. 

η = 91.2% 

Energy Consumption (E) Calculation: 

Q
E V


  

Where, 

V = Applied voltage = |Ecathode – Eanode| = 3.5V 

Q =I.t = Passed charge in the solution = 105.4519 A.s 

Thus, Charges/ 1000g = 105.4519 ×1000/ η = 2951354.60 Coulomb 

Energy Consumption (E) = 
3.5×2951354.60

0.912×1000×3600
 kWh/kg of Zn = 3.15 kWh/kg of Zn 
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APPENDIX II 

COMPOSITION OF ZINC OXIDE AND LEAD OXIDE 
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Table I. ZnO product specifications 

Assay 99.0% min. 

Calcium [Ca] 0.005% max. 

Iron [Fe] 0.001% max. 

Magnesium [Mg] 0.005% max. 

Manganese [Mn] 5ppm max. 

Nitrate 0.003% max. 

Potassium [K] 0.01% max. 

Sodium [Na] 0.05% max. 

Lead [Pb] 0.005% max. 

Chloride 0.001% max. 

Insoluble in Sulfuric Acid 0.01% max. 

Sulfur Compounds 0.01% max. 

 

Table II. PbO product specifications 

Insoluble in dilute acetic acid 0.02% 

NO3 0.01% 

Cu 0.005% 

K 0.005% 

Na 0.02% 

Cl 0.002% 

Ca 0.005% 

Fe 0.002% 

Ag 5 ppm 
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APPENDIX III 

SEM MICROGRAPHS TAKEN FROM ALUMINUM ELECTRODE AND COPPER 

ELECTRODE 

 

 

 

 

Figure. (a) Deposited layer morphology taken from aluminum electrode; (b) from copper 

electrode 

 

 

 

 

 

 

 

 

 

(a) (b) (b) 
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