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I 
 

Abstract 
 

Electrodeposition of metals has been used in the automotive and aerospace industries. 

Physical and mechanical properties of metal tools can be improved by depositing with metals 

have high resistance to corrosion.  Sn, Ag and Mn are generally used for corrosion protective 

of steel plates or other metal pieces. Electrodeposition of metals was previously achieved in 

aqueous solution. However, the disadvantages of aqueous solutions limited the deposition of 

metals. The main objective of this study was to use of the green solvent (Ethaline200) during 

electrodeposition of Sn, Ag, and Mn with enhancement the quality of coating by using additives. 

In this work the effects of temperature and additives on the electrodeposition of Sn, Ag and, Mn 

from Ethaline 200 have been investigated. It was found that high temperature significantly 

effected on the morphology of Sn deposit, where produced homogenous film. Boric acid (BA) 

has improved the morphology of Sn. Moreover, the electrodeposition of Sn on different metallic 

substrate (copper, mild steel, and brass) has been achieved.  Ag electrodeposition from Ethaline 

200 (1ChCl:2EG) has been studied on different metallic substrate (copper, brass, and mild 

steel). it was found that type of substrate significantly affected the Ag deposits. 

electrodeposition of Ag more preferable on copper and copper alloy substrate than mild steel 

was observed. 

The effects of potassium bromide (KBr) as inorganic additive on the electrodeposition 

of Mn from Ethaline 200 has been examined, and enhancement in the Mn deposition can be 

shown.  Electrochemical properties of the plating liquid have been studied using cyclic 

voltammetry and the resultant surface characteristics such as morphology, composition and 

thickness were revealed by SEM/EDXS and AFM. XRD was used to examine the crystal 

structure of the Sn, Ag and Mn. 
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Chapter one: introduction  

 1.1 Electrodeposition  
 

Metallic coatings play an important role in many applications such as automotive, 

aerospace, jewelry, and machinery. There are a variety of deposition methods including, as 

examples, thermal spray, laser technology, physical vapor deposition, and electrochemical 

deposition. Among them, electrodeposition is one of the more preferred on the industrial scale 

because of it is characterized by the diffusion of ions, resulting in the production of well-defined, 

high-quality surfaces. Additionally, exact layer thickness control, composition, and uniformity 

is well controlled, has a low production cost, and the morphology of the products are of high 

quality; these are all factors that make electroplating technology vital. [1] 

In general, the term ‘electroplating’  indicates a process in which metallic or 

semiconducting films are formed on conductive substrates starting from metal ion precursors in 

a electrolyte, and which occurs via a charge transfer process. [2]  

Metal electrodeposition is usually performed from aqueous solutions because the 

handling and chemistry of such baths is well known; however, not all metal coatings processes 

are possible via aqueous mediums [3]. Moreover, electrodeposition of metals from aqueous 

solution has several disadvantages: current efficiency is low, evolution of hydrogen, the 

electroplating of some elements requires toxic reagents such as cyanide, has a narrow potential 

window, electrodeposition of water-sensitive elements such as W, Al, and Ti can be extremely 

difficult, and some metals are poorly electrodeposited from aqueous electrolytes (such as Zn 

and Cr) [4]. In contrast to aqueous electrolytes, deep eutectic solvents, as a subclass of ionic 

liquids, have many advantageous properties for use in electrodeposition. Due to their wide 

potential windows for electrodeposition, ionic liquids can deposit at highly negative redox 

potentials metals. [5]  
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1.2 Ionic liquid 
  The term ‘ionic liquid’ indicates liquids that are entirely constituted by ions and exhibit 

a melting point that is lower than 100°C. Ionic liquids consist of asymmetric organic cations, 

for instance, alkyl phosphonium, N,N-dialkyl imidazolium, and N-alkyl pyridinium, and a 

inorganic anion such as, [PF6]¯ or Cl¯. [6] 

ionic liquids were prepared for first time by Walden et al., where ethylamine nitrate [Et 

NH3]
+ [NO3]¯ was synthesized, then ILs were obtained from N-ethyl pyridine bromide and 

aluminum chloride, but this type of ILs (first generation) was very sensitive to air and water. 

The second generation of ILs was prepared by using starting materials such as BF4 and  PF6 as 

anions, where these ILs are limited in use on the commercial scale due to their high cost. The 

third generation is more renewable and more stable. [7]  Fig. 1.1, show classification of ionic 

liquids.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 1: classification of ionic liquids [8] 
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ILs are characterized by having very low vapor pressures, and as a result they are non-

volatile; they are also highly polar and chemically inert. They are designer liquids  and are 

reusable (can be separated by suitable procedures for example, can be removed under reduced 

pressure or extraction). ILs are applied in various fields, from catalysis and formation of metal 

nanostructures, to analytical and bioanalytical chemistry. [9]  

Moreover, the main application of ILs is that of the electrodeposition of metals. The 

excellent solubility of metal salts, avoidance of metal/water chemistry, wide potential windows, 

and high conductivity in contrast to organic solvents are among the main strengths of the use of 

ILs in electrochemistry. [10] 

1.3 Deep Eutectic solvents (DESs) 

 “Deep eutectic solvents (DESs) are binary mixtures of the definite composition of two 

components, one of which being ionic, that yield a liquid phase at ambient conditions , ≤ 25°C” 

[11].This type of solvent was prepared for the first time about two decades ago by Abbott by 

mixing a 1 choline chloride:2 urea in molar ratio  [12]. Later, researchers presented many new 

types of DESs. In 2004, deep eutectic solvents were prepared using choline chloride with 

carboxylic acids. In 2007, metal salts were used instead of quaternary ammonium or 

phosphonium salts to prepare DESs. These types of DESs were formed between metal salts and 

simple alcohols or amides. Thereby , a new deep eutectic solvent system, which consisted of 

choline chloride with phenols at different molar ratios, was introduced [13].  

All solid-liquid phases of mixtures are characterized by the presence of a eutectic point, 

while deep eutectic solvents are distinguished from other eutectic mixtures with the ‘deep’ title, 

which is due to their melting temperatures being assumed to be considerably lower than the 

ideal eutectic temperature, which considered a key feature of these solvents [14, 15].based on  

Fig. 1.2,  at the eutectic point, the degree of freedom on the two components system is equal to 

zero, that demonstrated no changed in chemical potential. 
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DESs are a subclass of ILs because they are similar in physical properties but 

fundamentally different in chemical terms in two main ways: the nature of the raw materials, 

and the methods of their preparation. Figure1.3 summarizes the most important similarities and 

differences between DESs and ILs [17].  

 

 

 
Figure 1. 2: A binary phase diagram for eutectic mixture [16] 

 

 

 

Figure 1. 3: Comparison between DESs and ILs [17] 
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In general, there are two easy approaches to preparing DESs. The first way involves 

melting the component that has the lower melting point and then adding the component with 

the higher. The second way, however, involves the mixing of the two components and then 

melting them together [13]. DESs have excellent physical properties such as ease of preparation, 

low toxicity, high biodegradability, and being inexpensive; furthermore, these solvents have 

significant designability (a broad range of anions, actions, HBD, and molar ratios of 

HBDs/salts), they have gained considerable attention in various industrial fields [18]. DESs 

have been used in a broad range of applications, such as the synthesis of metal nanoparticles 

and metal processing applications. Moreover, DESs have been used for the selective synthesis 

of organic compounds and also for electroplating processes [19]. Fig 1.4 summarizes the major 

applications of DES. 

  

 

 Figure 1. 4: Applications of DESs 
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Due to the variety of species that can be used to form DESs, they are classified into 

main four types, as shown in Table 1.1. 

Table1. 1: types of DESs [20] 

type Formula 

1 Cat+ X−zMClx 

2 Cat+X−zMClx·yH2O 

3 Cat+ X−zRZ 

4 MClx + RZ = MClX-1
+·RZ +MClX+1 

- 

Where: cat+ indicates any ammonium, sulfonium, or phosphonium salt. X− is generally a 

halide anion of a salt. M, metal. RZ, hydrogen bond donor. z, the number of molecules. [20] 

Type 1 (quaternary salt and metal halide):- this type is formed from non-hydrate metal halides 

(such as: FeCl2, AgCl) and a quaternary ammonium salt. There are very few non-hydrated metal 

halides with suitably low melting points for this application. The only ones which form DESs 

with quaternary ammonium salts are FeCl3 and ZnCl2. Some anhydrous metal salt-based DESs 

show low conductivities and high viscosities. 

Type 2 (quaternary salt and hydrated metal halide):- in contrast to non-hydrated metal salts, 

hydrated salts are preferred in forming eutectic mixtures with quaternary ammonium salts, for 

instance, MgCl2.6H2O, CrCl3.6H2O, and CuCl2.2H2O. Because the presence of water decreases 

the lattice energy, the melting point is decreased too. It is not possible to use these systems in 

the electroplating of low reduction potential metals like that Al because their limited potential 

window. [3] 

Type 3 (quaternary salt with hydrogen bond donor):- this type of DESs are prepared by simply 

mixing a wide selection of hydrogen bond donors with quaternary ammonium salts. There are 

many advantages to these DESs: they can solvate a great many compounds of metal oxides and 

chlorides, the prepare process is easy, are low price, and high number of them are biodegradable. 

Type 4 (metal halide and hydrogen bond donor):- similar to type 3, however, this group of DESs 

use a metal halide instead of quaternary ammonium salts  with  hydrogen bond donor such as 

urea or glycerol. These DESs are the most recently developed. [21] 
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1.4 Properties of Deep Eutectic Solvents (DESs)  
 

1.4.1- Freezing point (Tf):- in general DESs are characterized by lower freezing points than 

those of their individual components. The depression of freezing point of DESs are affected by 

several factors, including the nature of the hydrogen bond donor (HBD). To prepare low 

freezing point DESs, the choice of the type of HBD is very important, for example, in the case 

of ChCl when urea is used as the HBD in the formation of a DES with a freezing point of 12 

oC, but when thiourea is used as the HBD this gives the DES has higher freezing point (69 oC). 

The anion of choline-derived salts has an impact on the DES’s freezing point, for example, 

when selecting urea as an HBD and a choline salt as HBA, the freezing point of the subsequent 

DESs decreases in the order F- > NO3
- > Cl- > BF4

-. On the other hand, no correlation was 

presented between the freezing point of a deep eutectic solvent and the melting points of its pure 

components. 

1.4.2 Viscosity:- DESs have high viscosities compared to molecular solvents. Most of the DESs 

have a high viscosity at room temperature. which is due to the extensive network of hydrogen 

bond taking place between components of mixture. in fact, there are very broad range of DESs 

viscosities. For instance, deep eutectic solvents based on metal salts is known to have a very 

high viscosities (1 ChCl: 2ZnCl has a 85000 m pa. s). sugar- based deep eutectic solvents have 

a high viscosities (12730 m pa. s for 1:2 ChCl: sorbitol) while Ethaline200 has extremely low 

viscosity (37 m pa. s at 25 oC). Temperature has significant impact on viscosity, where viscosity 

is inversely proportional to temperature, which may be due to increasing temperature leading to 

a weaker bonding between the HBD and choline cation. The size of the ion also has an important 

effect on viscosity, thus to produce DESs with highest mobility the ions need to be relatively 

small. Moreover the nature of components, their molar ratio, and content of water can all 

influence the viscosity of DESs. The impurities can also affect the value of the viscosity. [22, 

23] 

 

1.4.3 Conductivity:- conductivity is related to viscosity. DESs with low viscosities have tens of 

mS/cm conductivity; however, for high viscosity DESs, a significant lowering in conductivity 

is observed. In general, conductivity increases with increasing quantity of salts, but there are 
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DESs that appear to deviate from this general trend: for instance, ChCl:EG has a maximum 

conductivity that decreases after a certain salt concentration is reached. A Walden plot can show 

the relationship between conductivity and viscosity, as plotted in the form of molar conductivity 

against fluidity, which is the inverse of viscosity. Walden rule                                  (Λ𝜂 =constant), 

where 𝜂 represent the viscosity and Λ indicates to molar conductivity [3]  

 

1.5 Ethaline-based deep eutectic solvent 
 

Ethaline, as a subclass of type 3 DESs, is a composite of choline chloride ((2-

hydroxyethyl) trimethylammonium chloride) [melting point, Tm = 302℃] with ethylene glycol 

[melting point, Tm = -13℃], which serve as the HBD. This mixture is a liquid at room 

temperature. [24].The choline cation, which is a component part of vitamin B, is manufactured 

in large amounts as a nutritional supplement for livestock. It is cheap, non-toxic, plentiful, and 

environmentally friendly, all of which make it a preferred HBA. [16]. Ethaline is characterized 

by having good solvation properties and a very low melting temperature. [25] Moreover, it has 

low viscosity and high conductivity, in contrast with other deep eutectic solvents such as reline 

and glyceline; it also has high biodegradability and low toxicity. [26]  

Ethaline sees use in multiple fields, for instance, metal electroplating, metallic 

processing, electropolishing, improvement of drug solubility, and gel electrolytes. Due to the 

fact of its associated high current efficiency and low corrosion, Ethaline has been successfully 

used to achieve stainless steel electropolishing and obtain improved results for the 

electrodeposition of copper and tin. [27] 
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1.6 Metal electrodeposition from deep eutectic solvents  
 

The electrodeposition technique is used to functionalize a surface in order to obtain 

required properties, for instance, hardness, wear and corrosion resistance, magnetism, 

brightness, and abrasion. Metal electrodeposition is usually performed from aqueous solutions 

because of their handling and bath chemistry is well known; however, not all metal coating 

processes are possible using aqueous baths. [3]. In contrast to aqueous electrolytes, deep eutectic 

solvents, as a subclass of ionic liquids, have many advantageous properties for use in an 

electrodeposition. Due to their wide potential windows, ionic liquids can deposit very negative 

redox potential metals. [5]  

DESs have a high solubility for metal salts, including metal hydroxides and oxides, and can thus 

allow the production of thick coatings and help avoid passivation of substrates, electrodes, and 

deposits, unlike aqueous solutions in which the formation of non-soluble oxides and hydroxide 

layers on the electrode is commonplace and through which it is difficult to produce thick metal 

 

 

Figure 1. 5: Molecular illustration of the arrangement of EG, [Ch]+, [Cl]¯ in bulk Ethaline.  

White, Blue, red,  and cyan spheres represented hydrogen, nitrogen, oxygen, and carbon 

atoms, respectively. [27] 

 



Chapter One                                                                                      Introduction 

11 
 

films [22]. DESs’ low vapor pressures and good thermal stabilities make them capable of 

deposition of materials that need a high-temperature bath. [28] 

Although DESs have similar physicochemical properties to ILs, they have other excellent 

properties that make them preferable for the electrodeposition of metals on a large industrial 

scale: 

(a) DESs are inexpensive and have a much-reduced environmental impact, whereas ILs are 

more expensive, are commonly toxic, and generally have poor biodegradability, 

biocompatibility, and sustainability.  

(b) synthesis process is easy, simply mixing of constituents, no waste, with no purification steps 

required; however ILs, synthesis is more difficult and expensive. [20] 

Since their inception, DESs have been utilized as electrolytes for deposition of metals 

(among a variety of their applications). Thin films, magnetic metal and alloy deposits, gallium 

and indium together as precursors for photovoltaic compounds, and composites (such as silica 

and alumina) have all been deposited from deep eutectic solvents. Many species of DESs have 

been used in electroplating process studies such as glyceline, ChCl/propyleneglcol, ChCl/oxalic 

acid,  ChCl/malonic acids and ChCl/CrCl3.6H2O; however, Reline (ChCl/urea) and ethaline 

(ChCl/EG) are more commercially available and have the widest range of possible applications. 

[29]  

 1.6.1 Sn electrodeposition  
 

The electroplating technique is used to deposit many kinds of metals and alloys because 

it possesses various advantages, low processing temperatures, normal handling pressure, and 

the high purity of any resultant deposits [30]. Due to being nontoxic, ductile, and corrosion-

resistant, tin and it is alloy coatings are very important in various industrial fields [31]. 

Tin is used as an anode material in lithium ion rechargeable batteries, and as a coating to protect 

metals from corrosion. Tin is also used in foodstuff process [32]. Previously, the 

electrodeposition of tin was achieved from acidic solutions (such as methane sulfonic acid, 

fluoborite, and phenol sulfonic acid), or from alkaline solutions; however, the major drawback 

of alkaline solutions is that the deposition of tin must be carried out at elevated temperature. 



Chapter One                                                                                      Introduction 

12 
 

The problem with acidic baths is the formation of a precipitate of tin oxide, SnO2 [33, 34]. 

Moreover,  the electrodeposition of metals from aqueous solutions have several disadvantages: 

current efficiency is low, hydrogen is evolved, the electroplating of some elements requires 

toxic reagents such as cyanide, a narrow potential window, difficult electrodeposition of water-

sensitive elements such as W, Al, and Ti, and some metals are poorly electrodeposited from 

aqueous electrolytes (such as Zn and Cr). [4] 

Various ILs have been utilized for electrodeposition of tin such as 1-n-

methylpyrrolidineium bis(trifluoromethyl sulfonyl)imide (BMPTFSI) [35] and 1-ethyl-3-

methylimidazolium dicyanamide (EMI-DCA)[36]; however, the major drawbacks of these 

liquids are their reactivity with water, their possible degradation in an oxygen environment [37], 

and the high cost of many ionic liquids. 

Recently, DESs, which are a subclass of ILs, have been used in electrodeposition 

processes as an alternative solvent. DESs have some major advantages over conventional ionic 

liquids: they are easy to prepare, cheaper, biodegradable, and less toxic [38]. Among the various 

applications of DESs, they are widely used as electrolytes in electrodeposition processes [39-

48]. Porous Sn film electrodeposition from Ethaline and its lithium storage performance were 

investigated by Gu et al. [49]. 

Sonia and coworkers studied the electrodeposition of tin from choline chloride with 

different HBD, showing that choline chloride-based solvents can be perfectly employed for the 

electrodeposition of tin [50].  

SnCl2 concentration can also have an effect on the formation of complexes in Ethaline, 

where Swatilekha et al. observed that there appears to be two  stripping steps in polarization 

scans with increasing concentrations of tin salt (SnCl2.2H2O) due to the formation of complexes 

such as SnCl3 and Sn2Cl5 [51]. 

Cao et al. investigated the electrodeposition of tin from ChCl-urea-based DESs and 

studied the influence of temperature and concentration of SnCl2 on their reduction behavior 

[52].Tin alloys were also studied, where a tin-bismuth alloy was investigated by Vieira et al. 

[34]. 
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1.6.2 Ag electrodeposition   
 

Silver plating is of industrial importance as it is used in electrocatalysis, accumulators, 

the automotive and aerospace industries, jewelry, and for decorative purposes [52]. It has 

magnificent antibacterial and physicochemical features, excellent corrosion resistivity, and 

elevated bulk conductivity [33]. 

Silver can be deposited using various methods: electrodeposition, electroless plating, or 

vacuum techniques such as physical and chemical vapor deposition. However, physical and 

chemical vapor deposition methods suffer from multiple defects such slow rate of deposition, 

the requirement for costly equipment, and challenges in controlling the quality of the product. 

Among all of these ways, electroplating is the best technique: it is the easiest and cheapest 

manner to yield good-looking, homogenous, and thin silver coatings [53]. 

Industrially electroplating of silver is performed in aqueous environments; however, 

these solvents are extremely toxic due to the large cyanide content used, where cyanide acts as 

a complexing agent to Ag+ ions to prevent their spontaneous reduction [54]. 

Electrodeposition of metals from environmentally friendly liquids is a subject that has 

recently gained significant interest. Many ILs have been studied as alternative solvent to 

conventional toxic aqueous electroplating baths in Ag electroplating. Roberta et al. studied the 

electroplating of Ag from 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]). It 

was found that adherent, very thin, and pure Ag films could be obtained from such [53].  

Pyrrolidinium-based ionic liquids such as N-butyl-N-methylpyrrolidinium 

bis(trifluoromethane sulfonyl)imide ([C4mPyr][TFSI]) have been used in Ag electrodeposition; 

however, this process requires ambient conditions because [C4mPyr][TFSI] is very sensitive to 

atmospheric water [54].  

Silver deposits from the butylpyridinium dicyamide (pyriu-DCA) IL have also been reported 

by Sarra and co-workers [55].  
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1.6.3 Mn electrodeposition  
 

Manganese alloys have been utilized as coatings in magnetic materials, corrosion-

resistant materials, and semiconductors. Many implementations such as electrochemical 

glucose sensors, metal-air batteries, fuel cells, and supercapacitors use Mn-based materials [56] 

such as Al-Mn alloy coatings that can be used to enhance the corrosion resistance of NdFeB 

magnets [57]. Ni-Mn alloy coatings also appear to have more plasticity and mechanical strength 

compared to pure Ni deposits, where Mn increases the strength and temperature-resistance of 

Ni [58], as well as among Zn alloys where Zn-Mn alloy appears to have an extremely high 

corrosion resistance [59]. 

Mn electrodeposition from aqueous solution is challenging because of the high reduction 

potential of Mn (Mn2+/Mn = -1.18 V vs. SHE), which, alloyed to simultaneous hydrogen 

evolution, results in low current efficiency. In order to remove this drawback, sulfur or selenium 

species have been used as additives in the Mn electrodeposition bath, where selenium and sulfite 

(SO3
2-) inhibit hydrogen evolution, increase the manganese current efficiency, and thus improve 

manganese film quality. However, Se compounds have a negative effect on the environment, 

worker health, and damage the workplace [60, 61].. 

N-butyl-N-methyl pyrrolidinium dicyanamide (BMP-DCD), butyl methyl pyrrolidinium 

bis((trifluoromethyl)sulfonyl) imide (BuMePy-TFSI), and butyl methyl pyrrolidinium bis 

(trifluoromethyl sulfonyl) imide (BMP-NTF2) ILs have been used in the electrodeposition of 

pure Mn. The authors found that the electrodeposition temperature and potential can have an 

effect on Mn deposit and the amorphous nature of the Mn so obtained. [62-64] 

As mentioned previously, due to the excellent properties of ChCl-based DESs, they 

show great potential for use in metal electrodeposition. Electrodeposition of Mn has been 

achieved in ChCl: urea-based DESs by Benedetto et al. [65]. 

  Recently, Subrat et al. [66] used sodium alkyl sulfates (SDS, SLS, STS) as additives 

instead to selenium compounds in the electrodeposition of Mn from aqueous solution 

William et al. examined the effects of glycine on the electroplating of Mn from ChCl:urea. They 

stated that glycine can inhibit the deposition of Mn. [67] 
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Thiourea (TU), as an organic additive, has also been used in the electrodeposition of Mn from 

ChCl:EG. It was found that TU induces the formation nanoflake architectures with a nanoporous 

configuration of Mn [56] 

 

1.7 Electrocrystallization  
 

Electrocrystallization term refers to metal deposition through electrochemical process. In 

general the steps of metal electrodeposition on substrate can be summarized  as follows:  

➢ Reactant transported to the interface region by convective diffusion. 

Electrocrystallization process is effect by changes in the interfacial layers, the 

interactions between these layers make the system environment is complex. The 

interface region is consist  three zones: electrical double layer, concentration profile 

layer, and fluid velocity layer.  

➢ Ion adsorption, electron transfer takes place on the active sites of substrate surface. 

Active sites represent the surface imperfections (involves stepped vicinal, high indexed 

surfaces, planes with a high density of kink sites) and oxidation / reduction of surface, 

adsorption/ desorption of solvent molecules or anions on the surface substrate, or surface 

reconstruction processes. After the ion deposition on any place of substrate as an 

adatom, it migrates to the growing site through surface diffusion.  

➢ The spread of a nucleus by way of continued incorporation of monomer is called growth. 

The morphology and crystal structure of final deposit are depending on the direction of 

growth. The growth of thin film on a surface rely upon the energy of interaction between 

adatom-substrate and adatom-adatom [68]. Fig. 1.6 shows the main steps of metal 

electrocrystallization. 
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1.8 Parameters’ effects on the electrodeposition process 
 

Electrode potential and current density, to temperature, pH, substrate, and concentration 

and type of metal salt are all parameters that can affect the electroplating process. Some of these 

factors can be summarized as per below: 

Temperature has a considerable impact on the electrodeposition process. High 

temperature improves the conductivity of the solution and also increases the rate of 

electrochemical processes. In general, the upper limit of temperature which can be used in 

electrodeposition from DESs is 150-200°C. On the other hand, in aqueous baths, temperatures 

above 70°C may well accelerate the evaporation of the solvent and corrosion processes, limiting 

the practical temperatures achievable. Furthermore, an increase in temperature stifles additive 

Figure 1. 6: schematic diagram of metal electrocrystallization [68] 
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adsorption, decreasing their efficacy as a consequence, and deposits become more coarse-

grained [69]. Many studies involving the effect of temperature on DES-based metal plating have 

been undertaken. For example, the influence of temperature on the morphology of indium 

depositions was studied by Ana et al., where it was observed that the particle size of the indium 

deposit decreased with increasing temperature. When electrodeposition was carried out at a 

temperature range of 25-65oC, the indium grains and rods obtained were in the micrometer 

regime. At 80°C, uniformly distributed nanorods of indium were obtained [70].   

The substrate surface also affects the deposit structure, especially during the initial steps of 

electroplating process. This is due to the fact that the nucleation rate on the substrate differs 

from that on the freshly plated deposit [10, 69]. 

 

1.8.1 Role of Additives on Electrodeposition of Metals 
 

Use of additives is one of the main factors that affects the electroplating process. In 

addition to effects on the grain size of the electrodeposition, which in turn significantly affects 

physical and mechanical properties such as wear-resistance, electrical resistivity, and hardness, 

additives can affect the polarization of the cathode, change of orientation of crystals, as well 

potentially incorporating metals in the deposit. The additives that have been used in metal 

electroplating are classified according to their effect on the deposit into two types: levelling 

agents, and brightening agents [71, 72]. Several researches have described the use of additives 

to enhance the electroplating of metals from the DES. For example, small molecule additives 

(nicotinic acid (NA), p-benzoquinone (BQ), boric acid (BA)) were used for zinc electroplating 

from ChCl:EG-based DES. It was found that a bright Zn deposit was obtained when nicotinic 

acid was used [40].  
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1.8.1.1 Effects of Additives on Grain size of Deposit  
 

Crystal size plays a significant role in refinement of the deposit. It is found that levelling and 

brightening deposit depend on size of grain or crystal of metal. Brightening and levelling deposit 

can be obtained when the size of the metal crystal is smaller. The additives can refine the grain 

size where this can be occurred by blocking the cathode surface through adsorption of an 

additive agent. Thus, the additives impede grow big crystals this means that additives control in 

size of crystals 

1.8.1.2 Mechanisms of additives  
 

Smooth coating can be obtained by adding suitable agents to the plating bath. Some of 

studies have been made on the mechanisms of levelling of nickel and copper plating. Theory of 

levelling  has been explained in papers by Kardos where the organic additive can be adsorbed 

on the electrode surface “blocking surface”. Thus, deposition of metal cannot take place on the 

sites occupied by the organic molecules. The levelling molecules will be adsorbed on the active 

sites or on the high points of electrode surface whereas at these high points thickness of diffusion 

layer less than in the recesses thus additive molecules will be transported faster. Consequently, 

adsorption of additive molecules in the recesses will be much less. Therefore, the metals tend 

to deposit in the recesses of electrode surface, and this is clear in Fig. 1.7. 

Brightness is related to smooth surface which is able to reflect visible light whereas 

roughness of the surface should be less than 400 nm. Or brightening can be defined as the ability 

of solution to deposit crystals that have size smaller than the wavelength of visible light which 

are normally smaller than 400 nm. Small crystals are an essential for brightness but this cannot 

be a satisfactory condition. Some studies found that the brightness depend on the orientation of 

crystallites that are deposited on the surface in the same plane. Some organic compounds can 

be correlated with the metal forming complexes and this refines the metal crystals. These 

compounds usually have a sulphur atom bonded directly to carbon atom or consist of triple 

bond.[73] 
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Figure 1. 7: adsorption of additives on active sites of surface of electrode  [71] 
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1.9 Aims of this project  
 

 

1. Studying effect of additives on the electrodeposition of Sn, Ag, and Mn in Ethaline 200 

based deep eutectic solvent (DESs) 

2. Studying speciation and   the physical properties such as a conductivities for the plating 

liquids  

3. Studying of electrochemical properties of Sn, Ag, and Mn species in Ethaline 200 using 

cyclic voltammetry method (CV) 

4. Improvement physical properties of metals coatings such as brightness, thickness and 

roughness 
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Chapter two: Experimental part  

2.1 Materials and Chemicals  
 

All chemicals used in this work are listed in Table 2-1 

Table 2. 1: chemicals and materials 

No Materials  Chemical Formula Company 

supplied  

Purity and 

percentage  

1 Choline chloride  HOC2H4N(CH3)
+

3Cl- Biochem 

Chemopharma  

≥ 98% 

2 Ethylene glycol (EG) C2H4(OH)2 Thomas baker  99% 

3 Tin chloride dihydrate SnCl2.2H2O SDFCL 97 % 

4 Silver chloride AgCl Reagent world 99% 

5 Hydrochloric acid HCl Fisher ≥ 37.0% 

6 Manganese chloride 

tetrahydrate 

MnCl2.4H2O SDFCL 99% 

7 Potassium bromide KBr NANIWA 99 % 

8 Ammonium persulphate (NH4)2S2O8 Sigma ≥ 98% 

9 Alumina Al2O3 Fisher ≥ 100% 

10 Boric acid  H3BO3 NANIWA 99.8% 
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2.1.1 instruments 
Instruments which were used in this study, are listed in table 2.2. 

Table 2. 2: instruments and its model 

No. The instrument Model Work sites 

1 Conductivity meter device (DDS-22C) Iraq- university of Kerbala 

2 UV-Vis spectrophotometer UV-1800 Iraq- university of Kerbala 

3 Potentiostate PGSTAT20 Iraq- University of Kufa- 

College of education for 

Girls 

4 Scanning electron 

microscopy and energy 

dispersive X-ray analysis 

TESCAN (MIRA 3) Iran- University of Tehran 

5 Atomic force microscopy NTEGRA (NT-MDT) Iran- University of Tehran 

6 X-ray diffraction Philips (PW1730) Iran- University of Tehran 

 

2.2 Preparation of Ethaline 200 
 

Ethaline 200 as an electrolyte was prepared by mixing a 1:2 molar ratio of choline chloride 

(ChCl):Ethylene glycol (EG) at 70°C for about 30 minutes until a colorless, homogeneous 

solution was obtained.[71] 

2.3 Preparation of plating solutions  
 

2.3.1 Preparation of Sn electrodeposition solution  
 

A) The tin electrodeposition solution without additives was prepared by mixing 80 ml Ethaline 

200 with SnCl2.2H2O at a concentration of 0.1 mol L-1 and at 80oC with stirring continuously.  

B) (0.01, 0.03, 0.05) mol L-1 of boric acid were individually added to the Sn electrodeposition 

bath  
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2.3.2 Preparation of silver electrodeposition solution  
 

0.05 mol L-1 of AgCl was prepared in 80 ml of (Ethaline 200) at 80°C to obtain a colorless and 

homogeneous solution.  

2.3.2 Preparation of Mn electrodeposition solution  
 

A) Mn electrodeposition solution without additives was prepared by mixing 80 ml of (Ethaline 

200) with 0.7 mol L-1  MnCl2.4H2O at 80°C to obtain a yellow-green transparent homogenous 

solution.  

B) 0.05 mol L-1 and 0.1 mol L-1 of KBr were individually added to the Mn electrodeposition 

bath  

 

2.4 Electrodeposition processes  
 

2.4.1 Electrodeposition of Sn  
Sn electrodeposition from 0.1 mol L-1 SnCl2.2H2O in (Ethaline 200) solution was 

achieved on copper, brass, and on mild steel substrates, where the copper and brass cathode 

were cleaned by mechanical polishing, immersed in ammonium persulphate (NH4)2S2O8 

solution, washed in water, and thereafter dried with acetone. The mild steel substrate was 

cleaned initially by mechanical polishing, washing with D.W, placing in conc. HCl acid, again 

washing in water, and next with acetone. The electrodepositions were performed at current 

density of 30 mA/cm2. All experiments were carried out for 30 minutes.  

2.4.2 Electrodeposition of Ag  
As mentioned above, the copper, brass, and mild steel substrates were prepared to be 

employed as cathodes in an Ag electrodeposition process. At a fixed temperature of 80 °C and 

current density of 10 mA/cm2 for 30 minutes, and using titanium mesh as the anode, the 

electrodeposition of Ag was achieved. [4] 
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2.4.3 Electrodeposition of Mn  
Electrodeposition of Mn with and without addition of KBr was performed using the copper 

substrate. During the Mn electrodeposition processes, the temperature was fixed at 90oC.Mn 

was electrodeposited from Ethaline 200 containing 0.7 M MnCl2.4H2O under potentiostatic 

conditions by applying -1.75 V for 6 hours.  

 

 
(a) 

 
(b) 

Figure 2. 1: (a) the schematic diagram of Electrodeposition steps of (Ag/Sn/Mn) (b) 
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2.5 Measurement of physical properties  
 

2.5.1 Measurement of conductivity  
 

Conductivity meter (DDS-22C) device, with a cell constant of 0.978 cm-1, was utilized to 

measure the electrical conductivities of Sn, Ag, and Mn solutions. Conductivities were 

measured at different temperatures in the range 25-90oC. 

 

 

2.6 UV-Visible spectroscopy measurements  
 

In order to determine what there were changes in the Mn electroplating solution when adding 

of KBr and whether formation of another complexes, UV-Vis spectroscopy was performed. 

The solutions that were examined included: 

0.7 mol L-1 of MnCl2.4H2O 

0.7 mol L-1 of MnCl2.4H2O + 0.05 M KBr 

0.7 mol L-1 of MnCl2.4H2O + 0.1 mol L-1 KBr 

 

 

 
Figure 2. 2: Conductivity meter device 
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2.7 Electrochemical measurements  
 

2.7.1 Cyclic voltammetry  
 

Cyclic voltammetry is an electrochemical analytical technique for the study of redox 

reactions. It is used principally as qualitative analysis method by determining the formal 

oxidation and reduction potentials of chemical species in solution. It is also providing 

quantitative information about the analyte. Where the peak current provides information of 

about the concentration of analyte. Basic principle of CV is a triangular potential waveform is 

applied on the electrochemical system and the resulting current is measured. A plot of the 

current on y-axis versus potential on a x-axis is called cyclic voltammogram. [74] 

The cyclic voltammetry experiments were performed via a PGSTAT20  potentiostat, in 

a three-electrode system consisting of a platinum working electrode, a platinum counter 

electrode, and an Ag reference electrode. The cyclic voltammetry of Sn was achieved over a 

potential range of 0.2 V to -1 V, whilst the potential window of silver was 0.3 to -0.3 V, and the 

cyclic voltammetry of Mn electrolyte with and without addition of KBr was examined in a 

potential range of 1.2 to - 1.8 V. All CV experiments were performed at varying temperatures 

(30, 50, 80°C) and scan rates (10, 20, 30, 40, 50, 60 mV/sec). The platinum working electrode 

was polished with alumina paste prior to each experiment.  
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2.8 Surface analysis 
 

2.8.1 Scanning electron microscopy and energy dispersive X-ray analysis 

(SEM/EDX) 
 

Scanning electron microscopy is available to record fine detail images of the surface of 

matter. SEM utilizes the interaction between a focused beam of electrons with matter to produce 

a topological image, where such a beam will produce secondary electrons on interaction. EDX 

spectroscopy is the detection of the elemental composition of matter using scanning electron 

microscopy. [75] 

The surface morphology of Sn, Ag, and Mn films was characterized using a TESCAN 

(MIRA 3) instrument with an accelerator voltage of 25.0 kV. 

 

 

  

 

 

 

Figure 2. 3: Schematic diagram showing cyclic voltammetry system [21] 
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2.8.2 Atomic force microscopy  
 

Atomic Force Microscopy is an excellent technique which provide roughness, 

topography, adhesion, and mechanical characterization of a broad range of materials. The basic 

principle of AFM can be summarized by noting that the tip of the apparatus moves via 

piezoelectric (PZT) over the surface of sample, then the force (F) between the tip and the surface 

can be measured via a force transducer, and a feedback control supplies the signal from the 

force transducer to piezoelectric in order to keep the force fixed between the sample and tip 

[77], as shown in Fig. 2.5.  

Atomic force microscopy was conducted using a NTEGRA (NT-MDT) instrument in 

non-contact mode to determine the 3D surface morphology of the Ag, Sn, and Mn deposits and 

to measure the roughness of the films.  

 
 

 

                               (a) (b) 

Figure 2. 4: a) Schematic diagram of the scanning electron microscopy (SEM) principle, b) 

Energy dispersive X-ray spectroscopy principle [76] 
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2.8.3 X-ray diffraction  
 

The principle of the X-ray diffraction technique is dependent on the constructive 

interference of monochromatic X-rays with crystalline matter. The incident X-ray interacts with 

the sample and produces constructive interference and diffracted rays only under those 

conditions that obey Bragg’s law: nλ = 2dsin 𝜃, where n is an integer, lambda is the wavelength 

of the X-rays, d is the interplanar spacing generating the diffraction, and θ is the diffraction 

angle. These diffracted X-rays are then detected, processed, and counted [78].  

Powder X-ray diffraction was achieved via an Philips (PW1730) instrument. The  Cu 

anode was used as X-ray tube with 1 deg, 1deg and a 0.2 mm slit monochromator-filtered 

radiation wave. It was carried on at 40 kV and 30 mA.  

 
 

Figure 2. 5:  An illustration of the AFM instrument and a schematic diagram illustrating the 

principle of atomic force microscopy 
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                           (a)                                                              (b)                                                                                                                     

  

Figure 2. 6: a) Schematic diagram of X-ray diffraction, b) schematic diagram of a 

diffractometer. 
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Chapter three: Results and discussion  

3.1 Tin electrodeposition  

 3.1.1 Physical Properties 
 

             Most electrodeposition from ILs investigations yet have paid little interest to how 

adding boric acid affects the physical characteristics of Ethaline 200. Viscosity has a direct 

impact on the rate of movement of the reactive ingredient to the electrode surface for deposition, 

which in turn affects coating rate. In this work, we demonstrate that boric acid has an obvious 

effect on the viscosity and conductivity of the DES Ethaline 200. Moreover, viscosity is a key 

characteristic of ionic liquids which are used as dissolvents and electrolyte solutions. This 

physical property of ionic liquids is acquired by van der Waals forces and hydrogen bonding 

[79]. The viscosity of SnCl2.2H2O in 1ChCl:2EG is described in Fig. 3.1 (a) as a function of 

temperature and various boric acid concentrations. As can be observed, boric acid has no 

appreciable impact on a substance's capacity to flow and very slightly raises the viscosity of the 

SnCl2.2H2O in a 1:2 ChCl:EG solution. The establishment of large numbers of hydrogen bonds 

typically results in an increment in the viscosity of the associated ionic liquid. This might be 

caused by the liquid disrupting the lattice and changing the coordination of the 𝐶𝑙− dialogue.  

             The corresponding change in conductivity with respect to the presence of different 

concentration of boric acid in 1:2 ChCl: EG is shown Fig. 3.1(b). Here, the conductivity is 

presented in an analogous manner to the viscosity and decreases as a function of the 

concentration of boric acid. Fig. 3.1(b) depicts the conductivity of SnCl2.2H2O in 1:2 ChCl:EG 

as a function of temperature and different amounts of boric acid. As a consequence, the 

conductivity with different concentrations of boric acid shows a differing pattern to that of the 

viscosity, as the conductivity of the metal salt solution decreases significantly with increasing 

concentration of boric acid. As a result, this compound more probably exhibit inhibition 

conductivity of SnCl2.2H2O in Ethaline 200. It has also been shown in Fig. 3.1(b) that the 

conductivity of SnCl2.2H2O with different concentrations of boric acid increases significantly 

with increasing temperature.  
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3.1.2. Cyclic voltammetry  
 

Fig. 3.2 indicates the cyclic voltammograms of 0.1 mol L-1 SnCl2.2H2O in Ethaline, where the 

voltammograms were undertaken using a Pt disc (WE), a Pt flag (CE), and Ag wire (RE). The 

cyclic voltammetry was achieved starting from 0.2 V and cycling in the negative path, ending 

at -1 V, and then reversing again to 0.2 V. The cyclic voltammetry of 0.1 mol L-1  SnCl2.2H2O 

at different temperatures was investigated, as shown in Fig. 3.2 (a), where increasing cathodic 

and anodic peak intensities were observed with increasing temperature. Elevated temperature 

increases the free volumes in IL., increasing the mass transport towards the electrode surface as 

a result of the decrease in viscosity and increase in the movement of ions, which then accelerates 

the oxidation-reduction processes. Fig. 3.2 (b) shows the cyclic voltammograms performed at 

different scan rates at 80°C. It is apparent from these latter voltammograms that appearing two 

reduction peaks relating to the reversible Sn2+ to Sn0 couple at -0.4 V, while the stripping peak 

at -0.3 V is related to Sn dissolution (from Sn0 to Sn2+). Here, the scan rate has no observable 

effect on the cathodic and anodic peaks. Fig. 3.2 (c) shows the comparison between the cyclic 

voltammograms of a solution of 0.1 mol L-1  SnCl2.2H2O at 80°C in the free additive electrolyte 

and contain of different concentrations of boric acid. Fig. 3.2 (c). There is a little decrease in 

the Sn deposition peak, which occurs at negative potential, in the presence of BA. this is due to 
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Figure 3. 1: (a) The viscosity (b) The conductivity of 0.1 mol L-1   SnCl2.2H2O in Ethaline 

200, at a range of temperature (25-90 °C) and various amounts of BA 
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the adsorption of BA onto the surface of electrode, hindering Sn deposition. Moreover, a 

negative shift in the Sn reduction potential recorded as BA was inserted into the Sn electrolyte, 

which can again be attributed to the adsorption of BA onto the electrode surface, thus requiring 

additional energy to discharge the Sn ions. 
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Figure 3. 2: Cyclic voltammograms of 0.1 mol L-1  SnCl2 .2H2Oin Ethaline 200: a) different 

temperatures at a scan rate of 30 mV s-1, b) different scan rates, and c) different concentrations 

of boric acid. All depositions were achieved using a Pt disc (working electrode), a Pt flag  

(counter-electrode), and Ag  and Ag/AgCl (reference electrode). 
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3.1.3. surface analysis 

3.1.3.1 Effect of temperature on the electrodeposition of Sn 
 

          In this work, to study the effect of temperature on the morphology of Sn deposit, the 

electrodeposition process was achieved at low (room) temperature and at high (80°C) 

temperature, as shown in Fig. 3.3, where both films were deposited on a copper substrate at 30 

mA cm­2  for 30 min. A dark-colored and heterogenous film was observed when 

electrodeposition was performed at room temperature, as illustrated in Fig. 3.3 (a), in 

comparison with that performed at 80°C, where a bright and uniform Sn coating was instead 

formed. As shown above, the temperature has a significant impact on the conductivity, as per 

Fig. 3.1, and on the cyclic voltammetry of the electrolyte during Sn deposition, Fig. 3.2 (a), and 

thus has an effect on the morphology of the Sn film so deposited. At high temperature, the Cl¯ 

anion concentration decreases, which allows Sn deposition to proceed at a high rate and thus 

with high current efficiency [71]. As well as the rise temperatures might enhance mass transport 

impacts through the resultant decrease in the viscosity of the Sn electrolyte. accordingly, from 

cyclic voltammetry and morphological figures, the electrodeposition of Sn from Ethaline 200 

at high temperature is required for the production of a uniform and bright Sn deposition. and as 

a result, in this work, the electrodeposition of Sn from Ethaline 200 in the absence and presence 

of boric acid has been done at 80°C.   
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3.1.3.2. Effects of boric acid on the electrodeposition of Sn  
 

          Fig. 3.4 shows the optical photographs, SEM morphologies, and AFM images for Sn 

electrodeposition in presence/absence of various concentrations of BA in a Ethaline 200  

containing 0.1 M SnCl2·2H2O electrolyte at a determined bath temperature of 80°C. In all 

experiments, the current density was fixed at 30 mA cm-2, and electroplating was implemented 

for 30 minutes on Cu substrates. In fact, good adherence was achieved for all Sn coatings using 

boric acid. In the electrodeposited additive-free Sn film, the morphology of the film was found 

to be that of a rough layer with larger grains, as shown in the inset of Fig. 3.4 (a). However, we 

note that the surface morphologies of the Sn deposits change with the addition of the BA 

additive to the Sn plating bath Fig. 3.4 (b), (c), and (d). Obviously, the sizes of particles were 

considerably reduced, and the particle grains progressively became littler with increasing 

amounts of BA additive in the electrolytes; the surface morphology became higher smooth and 

homogeneous with concentration in comparison to the Sn deposition from free  

  

  

                                   (a)                                                              (b) 

      Figure 3. 3: SEM images for Sn electrodeposited from 0.1 mol L-1  SnCl2.2H2O in 

Ethaline 200. Both films were performed on a copper substrate and at a current density of 

30 mA cm­2 , a) at room temperature, b) at 80°C. 
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Figure 3. 4: Visual photos, SEM morphologies, and AFM from left to right respectively of 

Sn films obtained from Ethaline 200 containing 0.1  mol L-1 SnCl2·2H2O with and without 

various amounts of BA for 30 min. on a Cu substrate at 80 °C at 30 mA cm−2 current density. 

Image a) is for the Sn deposition without BA, with b) 0.01 M BA, c) 0.03 M BA, and d) 0.05  

mol L-1 BA 
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BA electrolyte. This is a result of the decreased crystal size due to the addition of [various 

concentrations of] BA. This suggests that BA may would lead to a reduction in growth rate of 

the Sn deposit. 

AFM was utilized to study the topography and roughness of the tin deposits provided from 

Ethaline 200 on the copper in both the absence and presence of BA. AFM scans were performed 

over an area of 2.0 × 2.0 µm. Table 3.1 shows average surface roughnesses of Sn films, where 

it is clear that the roughness of the Sn film reduced with increasing concentration of BA in the 

electrolyte. 

Table 3. 1: Average surface roughnesses of Sn films 

 

 

 

 

 

 

3.1.3.3 Electrodeposition of Sn on different substrates  
 

          The morphologies of Sn deposits on copper, mild steel, and brass substrates were 

characterized via SEM, as shown in Fig. 3.5. The depositions were achieved at 80 °C for 30 

minutes and at 30 mA cm­2 current density in presence of 0.05 M BA. uniform and homogenous 

morphology, bright and small particle sizes for the Sn deposits were formed on the all these 

substrates and no noticeable effect of substrate on the morphology of the Sn films. The EDX 

spectra in Fig. 3.5 confirm that the films are formed from Sn.  

 

 

 

 

Metal salt Conc. BA / M Average roughness/ 

nm 

SnCl2.2H2O 0.00 32.08 

SnCl2.2H2O 0.01 20.9 

SnCl2.2H2O 0.03 12.5 

SnCl2.2H2O 0.05 7.9 
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Figure 3. 5: SEM images and EDX spectra for the electroplating of SnCl2.2H2O (a) on a 

copper substrate, (b) on a brass substrate, and (c) on a mild steel substrate. All experiments 

were carried out at 80°C for 30 min. 
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In this work, the crystal structures of the Sn films electroplating from the Ethaline electrolyte 

on copper, brass, and mild steel substrates were studied via XRD. Fig. 3.6 shows the XRD 

patterns for deposits of Sn. The (200), (101), (220), (211), (301), (112), (321), (420), and (312) 

planes related to Sn deposits were observed at 30.5°, 32°,44.2°, 44.9°, 55.3°, 62.5°, 64.6°, 73.8°, 

and 79.5° 2ᶿ respectively    
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Figure 3. 6: XRD patterns for Sn films from 0.1 M SnCl2.2H2O in Ethaline on mild steel, 

brass, and copper electrodes. All experiments were carried out for 30 min. at 80°C and at a 

current density 30 mA cm-2 
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3.2 silver electrodeposition  

3.2.1 Conductivity  
 

The conductivity of Ethaline 200 containing 0.05 M AgCl solution was measured as function 

of temperature (25-90°C). Fig. 3.7 shows that the conductivity of the solution was significantly 

affected by temperature, where it decreases with decreasing temperature.  

In general the ions of DESs have a large size in contrast to the voids between these ions. These 

voids represent the free space between the different portions ions/molecules, which formed the 

DESs, and are called holes. Hole theory is considered to be accurate model for study the 

conductivities of deep eutectic solvents and ionic liquids. In hole theory the principal 

assumption is that orientation and voids of ransom size are formed when solid is melt. The 

relative abundance of suitable sized holes and size of the ions are considered to be effected 

move ability of an ion. The mass transport properties of ILs have been measured using the hole 

theory and show a strong degree of correlation with experimentally obtained value. This 

correlation suggests that mass transport in deep eutectic solvents, which consist of asymmetric 

ions, is principally controlled by the availability of suitably sized holes. This is in contrast to 

the classical high temperature molten salts, which are in general contain a small symmetric ions, 

where mass transport is primarily controlled by the charge carriers concentration.[68]  
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Figure 3. 7: Conductivity diagram of AgCl in Ethaline 200 different temperatures 
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3.2.2 Cyclic voltammetry 
 

          Cyclic voltammetry was examined to study the redox behavior of Ag in an Ethaline 200 

(1:2 ChCl:EG mixture)-based DES. Fig 3.8 points to cyclic voltammograms of 0.05 mol L-1  

AgCl in Ethaline 200. All these voltammograms were carried out employing a working- 

electrode (Pt disc), a counter-electrode (Pt flag), and reference electrode (Ag wire). The 

potential window used was from 0.3 to -0.3 V. The experiments were individually run at 

different temperatures and different scan rates. Fig 3.8 (a) displays the cyclic voltammograms 

of 0.05 M AgCl in Ethaline 200 at 80oC and at various scan rates (10, 20, 30, 40, and 50 mVs-

1). Here, the Ag cathodic reduction peak was observed at about -0.05 V and the anodic stripping 

peak at about +0.06 V.  

          As can be explain in Fig 3.8 (b), there are notable changes in the intensities of the Ag 

oxidation and reduction peaks at high temperature (80°C) compared with those measured at 

lower temperatures. The increase in the intensity of redox peaks for this Ag system when cyclic 

voltammetry was measured at elevated temperature might be since the increase in the free 

volumes in the solution, decreased viscosity, and decrease in the number of Cl- anions adsorbed 

on the electrode, which would lead to an increase in the rates of any oxidation-reduction 

processes.  
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3.2.3 Surface analysis   
 

          Fig 3.9 shows the optical images, micrographs, and EDX spectra for the Ag deposit from 

Ethaline 200 containing 0.05 M AgCl on copper, brass, and mild steel substrates. The SEM for 

silver deposited on copper appeared to show accumulations of small spherical particles. The Ag 

on brass substrate was found to have a porous surface with a dendritic shape-type structure, 

while the deposit on the mild steel substrate showed a change in morphology, where in this 

latter case separated particles were distributed along the substrate. The chemical analysis of the 

Ag films, as carried out via EDX, reveals the presence of Ag in all samples.  

          The electrodeposition of Ag from Ethaline 200 is strongly affected by the substrate 

material. For copper and copper alloy substrate was formed compared to mild steel substrate 

this may be due to the varying in reduction potential between Ag and Cu.  
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Figure 3. 8: Cyclic voltammograms of 0.05 M AgCl in Ethaline 200 on a Pt disc electrode 

(a) at different scan rates, (b) at different temperature 
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Figure 3. 9: Optical image (left), SEM images (middle), and EDX spectra (right) of Ag 

films obtained on (a) copper, (b)brass, and (c) mild steel substrates. 
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           Atomic Force Microscopy is a very high-resolution form of scanning probe microscopy 

(SPM). It is an excellent technique for provides roughness, topography, adhesion, nucleation, 

and mechanical characterization of a broad range of materials. This technique can be used to 

study the structure of conducting and isolating surfaces in air environments as well as liquid. 

Atomic force microscopy (AFM) was used to study the topographies and roughness of the Ag 

deposited on the surfaces. Fig. 3.10 shows the AFM images of an Ag deposit from Ethaline 200 

at 80°C on copper, brass, and mild steel substrates at a current density of 10 mA cm -2 for 30 

min. in each case. The results of the AFM analysis were in good agreement with those obtained 

from SEM.  

          The average roughness of each of the Ag films was also measured via AFM. Table 3.2 

reports the average roughness of the Ag films produced from Ethaline 200 on different 

substrates, where a smoother Ag film was obtained when the electrodeposition was carried out 

on the copper substrate.  

Table 3. 2: Average surface roughness of various Ag films 

 

 

 

 

 

 

 

 etal salt Substrate    verage roughness  nm 

AgCl mild steel  27 

AgCl brass 25 

AgCl copper 6 
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(a) 

 
(b) 

 
(c) 

 

Figure 3. 10: AFM images of Ag films electrodeposited on different metallic substrates: (a) 

on copper, (b) on brass, and (c) on mild steel 

 

          The crystal structure of the Ag deposited upon different metallic substrates (copper, brass, 

and mild steel) at 80 °C and 10 mA cm-1 for 30 min. was verified via XRD. The X-ray 

diffractograms of these Ag films are given in Fig 3.11. The diffraction peaks recorded at 38.1°, 

44.3°, 64.5°, and 77.4° are correlated well with the JCPDs card of Ag (JCPDs file no.065-7244) 

[80]. The X-ray diffractograms of Ag deposits procced on copper and brass substrates appeared 

diffraction peaks at 43.35°, 50.49°, and 74.19° Bragg angles, indicating that there was Cu in 

the substrate.  
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Figure 3. 11: X-ray diffractograms of Ag films deposited from Ethaline 200 at 80 °C, 10 

mA cm-1 current density, on different substrates copper, brass, and mild steel 
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3.3 Manganese electrodeposition  

3.3.1 Speciation  
 

           Speciation is known to control key aspects of electrochemical behavior (such as redox 

potentials and solubility) and metal processing. In aqueous solution, highly toxic reagents, such 

as cyanide, commonly have to be used to give metal ions the needed redox properties, because 

of domination of the speciation by aquo-complexes, whereas in ILs and DESs there is some 

proof that speciation is controlled by the anionic component of the liquid  

          UV-vis spectroscopy was employed to study the speciation of MnCl2.4H2O in Ethaline 

200 in the absence and presence of different concentrations of KBr. Fig.3.12 (a) shows the 

appearance of 0.7 M of MnCl2.4H2O with and without 0.05 M and 0.1 M KBr. The color of the 

MnCl2.4H2O in Ethaline 200 without KBr was yellow- green, which implies the presence of  

[MnCl4]
2– complexes[81]. A change of color from yellow- green to green was observed when 

adding KBr. The intensity of the associated bands increases with increasing concentration of 

KBr, as shown in Fig. 3.12 (b). From Fig. 3.12 (b) it can be seen that there was no remarkable 

change in the absorption spectra of Mn when adding KBr this indicate that KBr does not 

complex with the Mn species present in Ethaline 200.  
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Figure 3. 12: (a) optical image of 0.7 M MnCl2.4H2O in Ethaline 200 containing different 

concentrations of KBr, (b) UV-vis spectra for 0.7 M MnCl2.4H2O in Ethaline 200 with 

different concentrations of KBr 

Increase concentrations of KBr 
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3.3.2 Conductivity  

  
          The impact of different concentrations of KBr on the conductivity of Ethaline 200 

containing 0.7 M of MnCl2.4H2O at temperatures in the range 25-90°C were investigated, as 

shown in Fig. 3.13. Here, a decrease in the conductivity of Mn solution in the presence of KBr 

was observed, which may be due to the KBr increasing the viscosity of solution. 
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Figure 3. 13: Conductivity of 0.7 M MnCl2.4H2O in Ethaline 200 with different 

concentrations of KBr as a function of temperature  
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3.3.3 Cyclic voltammetry  
 

          Cyclic voltammetry was performed to exam the electrochemical behaviors of pure Mn 

with different amounts of KBr in Ethaline solution. The cyclic voltammograms obtained from 

Ethaline containing 0.7 mol L-1 MnCl2.4H2O solution at 80°C on a platinum electrode, measured 

at different scan rates, are shown in Fig. 3.14 (a) in the voltammogram of 0.7 mol L-1  

MnCl2.4H2O in Ethaline 200, where the reduction of Mn species started at about -1.5 V on the 

Pt electrode, while no clear oxidation peak for Mn was found. There is a certain similarity 

between the present voltammograms of Mn in Ethaline and those described by Pereira et al. 

[82], who noted that the absence of an oxidation peak in the CV of Mn may have been due to 

the instability of the Mn deposits, which readily oxidized in the electrolyte.  

Fig. 3.14 (b) shows cyclic voltammograms of 0.7 M MnCl2.4H2O in Ethaline 200 with and 

without of 0.05 mol L-1  and 0.1 mol L-1  KBr at 80°C. In the solution containing 0.1 mol L-1 

KBr two oxidation peaks can be seen first peak was indicate to oxidation of bromide to 

tribromide Equation (3-1) and second peak was indicate to oxidation of tribromide to bromine. 

[83] 

3Br¯→Br3¯ + 2e¯                                                                    Equation (3-1) 

2Br3¯ → 3Br2 + 2e¯                                                                Equation (3-2) 

increases in the reduction current peak of Mn species have been observed when the C.V. process 

was recorded using electrolytes with KBr. This was anticipate for two reasons: firstly,  due to 

the reduction of both tribromide and Mn2+ to Mn at nearly same potential. Secondly, Br3¯, which 

produced from addition of KBr to the Mn electrolyte, may be adsorbed as monolayer on the 

surface of electrode, leading to an increase in the deposition rate and then improvement the Mn 

electrodeposition by prevent the formation of Mn oxide passivation layer on the electrode 

surface, the reduce of the effects of passivation layer is considered as one reasons for increase 

the intensity of reduction peak of Mn in Ethaline 200 in presence of KBr. 



 Chapter Three                                                                     Results and discussion             

52 
 

  
 

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

I 
/ 
m

A

E /V

 without

 0.05 M KBr

 0.1 M KBr
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Figure 3. 14: Cyclic voltammograms of 0.7 mol L-1  MnCl2.4H2O in Ethaline 200 at 80oC 

using a Pt disc electrode, Pt flag electrode, and Ag electrode, (a) as function of scan rates, (b) 

with and without KBr at 5 mV scan rate 

 

3.3.4 Surface analysis  

The effect of KBr as an additive on the morphology of Mn films deposited from Ethaline 200 

was investigated. Fig. 3.15 shows the optical images, SEM, and EDX from left to right, 

respectively, of the Mn films formed from Ethaline 200 in the presence and absence of different 

concentration of KBr (0.05 and 0.1 mol L-1). The plating was performed on a Cu substrate at 

90oC and at potentiostatic conditions (-1.75 V) for 6 h. The Mn deposited from additive-free 

electrolyte had a dark black powdery film Fig. 3.15 (a). the samples of Mn films prepared with 

KBr added into the solution show that the surface became more metallic appearance, as per Fig 

3.15 (b) and (c). The EDX mapping spectrum results shown in Fig. 3.15 indicates that Mn 

deposits were affected by the addition of KBr. 
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Figure 3. 15: SEM images and EDX spectra showing films electrodeposited from 0.7  mol 

L-1 MnCl2.4H2O in Ethaline 200 systems in the absence and presence of different 

concentrations of KBr (a) without, (b) with 0.05  mol L-1 KBr, and (c) with 0.1  mol L-1 KBr 
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The topographies of the Mn films obtained on the copper substrate with and without additive 

were found via AFM, as shown in Fig. 3.16.  

The surface roughness of the electrodeposited Mn films was also characterized via AFM Table 

3.3, which shows that the average roughness was reduced with increasing KBr concentration. 

 
                                                                                     (a) 

 
(b) 

 
(c) 

 

Figure 3. 16: AFM images for the Mn deposit formed from Ethaline 200 (a) without 

KBr, (b) with 0.05 M KBr, and (c) with 0.1 M KBr  

 

Table 3. 3: Average roughness of the Mn deposits performed from Ethaline 200 

containing of different amounts of KBr 

Salt Concentration of KBr, mol L-1 Average roughness, nm 

MnCl2.4H2O without 46 

MnCl2.4H2O 0.05 40 

MnCl2.4H2O 0.1 33 
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 XRD analysis was curried out to study the crystal structures of the Mn films 

obtained on the copper substrate in the absence and presence of KBr at 90oC and a constant 

potential at 1.75 V, as shown in Fig. 3.17. All of the diffraction peaks appearing in Fig 3.17 at 

Bragg angles of 43.35°, 50.49°, and 74.19° are associated with the Cu substrate with no other 

diffraction peaks observed. This indicates that the amorphous nature of the Mn films or because 

formed very thin film of Mn. This result correlated well with those reported by Guo et al. [56]. 

Also, no clear change in the XRD patterns was observed with the addition of KBr. 
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Figure 3. 17: XRD patterns for Mn deposits produced from 0.7 mol L-1 MnCl2.4H2O in 

Ethaline 200 with 0.05 mol L-1 and 0.1 mol L-1 KBr. All deposits were performed for 6 h. at 

90 °C and at a constant potential of -1.75 V. 
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3.4 Conclusions  
 

In this study the electrodeposition of Ag, Sn, and Mn have been achieved from 1:2 

ChCl:EG as deep eutectic solvent. The effect of some factors such as temperature, additives and 

substrate on the electrodeposition process of these metals have also been considered. 

The electrochemical behavior of above mentioned elements in the deep eutectic solvent 

Ethaline 200 have been studied by using cyclic voltammetry technique. Cyclic voltammetry 

measurements of Sn appear a slight decrease in the Sn deposition peak when BA was added to 

the Sn electrolyte. Which is due to the adsorption of BA on to the surface electrode, inhibiting 

Sn deposition.  

It was found that there was a notable change in the intensity of oxidation and reduction 

peaks of Ag at the high temperature (80 °C) compared with those measured at lower temperature 

due to increase the free volumes in solution, decrease the viscosity and decrease the Cl- anions 

that adsorbed on the electrode, which lead to increase the velocity of oxidation- reduction 

processes. 

In the cyclic voltammetry measurements of manganese, it was found that no clear 

oxidation peak for Mn may have been due to the instability of the Mn deposits, which readily 

oxidized in the electrolyte.  

The surface morphology, topography and crystal structure of the Ag, Sn, and Mn films 

were carried out using SEM, AFM, and XRD techniques respectively. The SEM results showed 

considerable improvement of Sn films when adding boric acid to the plating bath. This is a 

result of the decreased crystal size due to the adding of various concentrations of BA as 

inorganic  additive. This presumes that BA may work because the grain is smaller for film 

deposition, which would lead to a lowering in growth rate of the Sn deposit. 

The morphology of Mn films seems to be effected by addition of KBr to plating bath. 

The XRD data showed that the nature of the Mn films obtained on copper substrate is an 

amorphous. However further work must be done to investigate the electrodeposition of pure Mn 

from DESs.  
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3.5 Future work 
 

1- The effects of the additives used in this project, namely boric acid, potassium bromide, on 

the electrodeposition of different types of metal such as Co, Cr, Pb, and Bi from Ethaline 200 

as a DES. Moreover, the effects of other types of additives, such as polyethyleneglygol, sorbitol, 

coumarin, vanillin and nicotinamide on the electrodeposition of Sn, Ag and Mn from Ethaline 

200 can also be studied.  

2- The effects of the additives mentioned in point (1) on the electrodeposition of Zn-Ni, Zn-Sn, 

Zn-Co, Zn-Cu, and Sn-Mn alloys from Ethaline 200. 

3- The effects of the additives mentioned in point (1) on the electrodeposition of metals and 

metal alloys from reline (1:2 molar mixture of choline chloride and urea) as a deep eutectic 

solvent 
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     الخلاصة

في صناعات السيارات والطيران. يمكن تحسين    لها اهمية    الترسيب الكهربائي للمعادنان عملية   

الخواص الفيزيائية والميكانيكية للأدوات المعدنية عن طريق الترسيب بالمعادن التي تتمتع بمقاومة  

بشكل عام للحماية من التآكل للألواح الفولاذية أو القطع  Mn و Ag و Sn عالية للتآكل. يتم استخدام

التر تم تحقيق  للمعادن سابقاً في محلول مائي. ومع ذلك ، فإن المعدنية الأخرى.  سيب الكهربائي 

عيوب المحاليل المائية حدت من ترسب المعادن. كان الهدف الرئيسي من هذه الدراسة هو استخدام  

مع تحسين جودة  Mn و Ag و Sn أثناء الترسيب الكهربائي لـ (Ethaline200) المذيب الأخضر

ة. في هذا العمل تم دراسة تأثير درجة الحرارة والمواد المضافة على الطلاء باستخدام المواد المضاف

وجد أن ارتفاع درجة الحرارة  .Ethaline 200 من Mn و Ag و Sn الترسيب الكهربائي لكل من

 (BA) حيث ينتج غشاء متجانس. حسّن حمض البوريك Sn يؤثر بشكل كبير على شكل رواسب 

على ركيزة معدنية   Sn تم تحقيق الترسيب الكهربائي لـعلاوة على ذلك ،   .Sn من مورفولوجيا

 من Ag مختلفة )النحاس والفولاذ الطري والنحاس الأصفر(. تمت دراسة الترسيب الكهربائي لـ

Ethaline 200 (1ChCl: 2EG)  .)على ركيزة معدنية مختلفة )النحاس والنحاس والفولاذ الطري

 .Ag اسب وجد أن نوع الركيزة أثر بشكل كبير على رو

( كمادة مضافة غير عضوية على الترسيب الكهربائي  KBrتم فحص تأثيرات بروميد البوتاسيوم ) 

إيثالين   من  الخواص   200للمنغنيز  دراسة  تمت  المنغنيز.  ترسب  في  التحسين  إظهار  ويمكن   ،

السطح   الكشف عن خصائص  وتم  الدوري  الجهد  مقياس  باستخدام  الطلاء  لسائل  الكهروكيميائية 

بواسطة   الشكل والتركيب والسمك  تم استخدام  AFMو    SEM / EDXSالناتجة مثل   .XRD  

 .Mnو   Agو   Snلفحص التركيب البلوري لـ 
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