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RESUMO 

Os solventes de baixo eutéctico, tendo em conta as suas propriedades, 

despertaram o interesse da comunidade cientifica como possíveis alternativas às 

soluções aquosas usadas na eletrodeposição de metais. 

Nesta Tese serão expostos os resultados experimentais obtidos no decorrer 

dos ensaios de eletrodeposição efetuados utilizando os solventes de baixo eutéctico 

obtidos pela mistura de cloreto de colina com etileno glicol (ChCl-EG) ou com ureia 

(ChCl-U). Adicionalmente o efeito da concentração do sal metálico e a presença de 

aditivos foram também alvo de estudo. 

A eletrodeposição de Zn e Zn-Ni utilizando ChCl-EG foi estudada. É 

demonstrado que a presença de aditivos modifica a morfologia e mecanismo de 

deposição. É também evidenciado o efeito dos aditivos no que concerne ao tamanho 

do cristal, onde o deposito de zinco com o menor tamanho de cristal de 31.7 nm a ser 

obtido na presença de DMSO.  No universo de amostras testadas este foi, também o 

filme que demonstrou ser mais resistence à corrosão. No que diz respeito às amostras 

de Zn-Ni e no conjunto de aditivos estados o deposito mais resistente à corrosão foi 

obtido na presença de etilenodiamina. 

O efeito do dador de ligações de hidrogénio e da concentração do sal metálico 

é, também descrito. Para o estudo da deposição das ligas de Mn-Sn e Co-Sn foram 

selecionados o etileno glicol e a ureia como dadores de ligações de hidrogénio. Os 

resultados obtidos demonstram que a quantidade de estanho que é possível 

incorporar no depósito está dependente do solvente usado. No caso da liga Mn-Sn a 

quantidade de estanho incorporado está limitada a 6.7 wt% se o solvente ChCl-U for 

usado. Mais se demonstra que a proporção de metais que compõem a liga influencia 

as propriedades dessa mesma liga. 

A deposição do compósito de cobalto com nanotubos de carbono multicamada 

é também descrita. Os resultados obtidos demonstram que a dispersão de nanotubos 

em ChCl-urea é estável. A incorporação no depósito dos nanotubos utilizados contribui 

para a diminuição da rugosidade do depósito. Analisando o desempenho dos filmes 

obtidos no que diz respeito às propriedades anticorrosivas verifica-se que o compósito 

preparado apresenta um desempenho comparável ao obtido com as amostras de 

cobalto sem nanotubos. 

Foi estudada a viabilidade de depositar um filme de dióxido de titânio utilizando 

ChCl-EG como solvente. Os resultados obtidos demonstraram que só é possível obter 

um filme de dióxido de titânio cristalino após tratamento térmico das amostras e se for 

adicionado etilenodiamina ou LiF à solução de eletrodeposição.  
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ABSTRACT 

Due to their properties, deep eutectic solvents have attracted the attention of 

the scientific community as possible alternative of the aqueous electrolytes for metal 

deposition. 

This thesis presents experimental results regarding the metal electrodeposition 

form the deep eutectic solvents 1:2 choline chloride:ethylene glycol (ChCl-EG) and 1:2 

choline chloride:urea (ChCl-U). Additionally the metal concentration and the presence 

of additives was also evaluated. 

The electrodeposition of Zn and Zn-Ni from ChCl-EG was investigated. It is 

shown that the additives modified the morphology and deposition mechanism of 

deposits. It is demonstrated the grain refinement properties of the additives with the 

smallest crystal size of 31.7 nm for the zinc film obtained with DMSO, which was also 

the best corrosion resistant film within the Zn samples prepared. For the Zn-Ni films the 

within the additives tested the best anti-corrosion Zn-Ni film was the one obtained in 

the presence of ethylenediamine. 

Also describe is the effect of the hydrogen bond donor and the metal 

concentration in solution. As hydrogen bond donor were studied ethylene glycol and 

urea to electrodeposit Mn-Sn and Co-Sn alloys. The results showed that the amount of 

tin incorporated in the deposit is highly dependent on the DES used. In case of Mn-Sn 

the amount of tin incorporated in the deposit was limited to a maximum of 6.7 wt% for 

the samples obtained with the urea-based DES. Additionally, it is demonstrated that the 

metal proportion in the deposit have a pronounced effect on the physical properties of 

the Co-Sn and Mn-Sn deposits.  

The deposition of a cobalt-multi-walled carbon nanotubes (MWCNTs) 

composite is also described. The results showed that nanotubes can stably dispersed 

in ChCl-urea. The incorporation of MWCNTs into the metal matrix contributed to 

decreasing the deposit’s roughness. From the corrosion resistance point of view the 

samples prepared exhibited a comparable corrosion performance when compared with 

the pure cobalt films. 

 The feasibility of TiO2 deposition from ChCl-EG was investigated. The results 

showed that crystalline TiO2 is obtained after annealing and only for the samples 

obtained in the presence of ethylenediamine or LiF.  
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SYMBOLS AND ABBREVIATIONS 

A – area 

AFM – atomic force microscopy 

C - Concentration 

Cdl - Double electric layer capacity 

ChCl - Choline chloride 

CV – cyclic voltammetry 

D – Diffusion coefficient  

DES - Deep Eutectic Solvents 

EDS - Energy-dispersive X-ray spectroscopy 

E - Electrode potential 

Epa - Anode peak potential 

Epc - Cathode peak potential 

F – Faraday constant 

GC - Vitreous Carbon (Vitreous Carbon) 

HEDTA - N-hydroxyethylethylenediaminetriacetic acid 

HBD – Hydrogen bond donor  

i - Current 

Idranal VII - N- (2-Hydroxyethyl) ethylenediamino-N, N ', N'-triacetic acid trisodium salt 

ILs - Ionic Liquids 

j – Current density 

Me – metal 

MWCNTs – multiwalled carbon nanotubes 

n - Number of moles 

OPD - Overpotential Deposition 

Q - charge 

RTILs - Ambient temperature ionic liquids (ambient ionic liquids) 

S – Substrate 
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SEM – scanning electron microscopy 

STM - scanning tunnelling microscopy 

Td - decomposition temperature 

Tm - melting temperature 

UPD – Underpotential deposition 

V - Heterogeneous reaction rate 

Z - Number of electrons 

Σ - Conductivity 

η - Overpotential 

 - Scan rate 

Ψ - Vertical interaction energy 
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The focus of this thesis was to study the electrodeposition of metals and metal alloys of 

technological interest using innovative baths. In order to achieve the main goal a 

comprehensive set of metals and metal alloys, substrates and types of deposit (alloys, 

metal composite and metal oxide) has been selected. Alongside with the primary goal, 

the research carried out and described in this thesis produced knowledge at many 

levels relevant to the scientific community such as the use of a wide range of additives 

on the electrodeposition of the designated metals or the deposition of a metal 

composite. The aspects investigated are the electrochemical behaviour of the metals 

ions, the deposit properties, the effect of the additives on the electrodeposition process 

and the effect of the incorporation of carbon nanotubes on the metal matrix.  

This thesis is structured in nine chapters.  

Chapter I gives a brief description of the theoretical aspects related to metal 

electrodeposition is described. Special attention was focused on growth and nucleation 

mechanisms. Furthermore, the history and recent developments of the ionic liquids and 

deep eutectic solvents has been revised. 

Chapter II describes the theoretical foundations of the most relevant techniques 

used. It is also described the experimental procedure adopted to conduced the 

experimental work. 

From Chapter III to Chapter VIII the experimental results are reported and 

discussed. Chapter III and IV show the data regarding the deposition of zinc and zinc-

nickel alloys and the influence of additives on the characteristics of the deposits 

obtained is discussed. 

In addition to the use of additives, the deposit composition and the type of 

electrolyte used can affect the properties of the metallic films obtained. Having this in 

mind, the following two chapters show how the amount of tin modifies the properties of 

the tin-based alloys obtained from two different eutectic-based electrolytes. Namely, 

Chapter V show the results concerning the study of manganese-tin alloys and Chapter 

VI show the results for the deposition of cobalt-tin alloys. 

 The incorporation of nanosized particles into the deposit can result in a deposit 

with enhanced properties. Chapter VII describes the incorporation of carbon 

nanotubes into cobalt deposits to produce cobalt composites and their properties are 

analysed. 

Besides metallic films or composites, metal oxides are considered of great 

importance. Chapter VIII describes the deposition and properties of the titanium 

dioxide coatings obtained.  

Final considerations and future directions will be given in Chapter IX. 
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1. IntroductionMetallic materials are one of the corner stones that most 

contributed to the technological advances of our civilization and influence the way we 

live. Several objects (ex. tools, electronic components or machines) are constituted by 

a large variety of metals that have a limited lifetime. Those objects are exposed to 

mechanical friction or environmental conditions that can cause chemical or 

electrochemical reactions that weakens and lead to the premature wear of that 

component. Being exposed to a harming environment the surface of a given material 

can be consider the most vulnerable place. In this way, protective coatings are one of 

the most used technology. There is a wide range of methods that can be used to apply 

this protective layer and they are summarized in Table 1.1 [1].  

 

Table 1. 1 – Coating process used to apply a protective layer.  

Coating process Process variants 

Evaporation Chemical vapour deposition 

 Physical vapour deposition 

 Sputtering 

Hot metal Weld-surfacing 

 Hot-dip galvanization 

 Roll-coating 

Painting Application of inorganic coatings 

 Application of organic coatings 

 Application of low-friction coatings 

Thermal spraying Atmospheric-pressure plasma spraying 

 Low-pressure plasma spraying 

 Flame spraying 

Metallizing Electroless metal coatings 

 Electroplated metal coatings 

 

1.1. Metal electrodeposition 

Within the processes listed above the metallization of a surface is considered of 

great importance to produce protective coatings, especially the electroplated metal 

coatings also known as metal electrodeposition. Electrodeposition is a process 

whereby an external voltage source applies a potential difference to a conductive 

material (denoted as electrode) dipped on a electrolyte resulting in charge transfer 

between the electrode and the metal ions dissolved in the electrolyte which result in the 

deposition of that metal specie onto the electrode surface according to the general 

equation[2]:  

 

    
                                                           (1.1) 
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Fig. 1.1 shows a graphical representation of the initial phase of an 

electrodeposition process. The mechanism involved in the electrodeposition process 

can be describe as follows: first, the metallic cation is reduced due to the transference 

of one or more electrons from the electrode into the metallic cation. Then an adatom is 

formed and migrates over the surface of the electrode to energetically favourable sites 

(steps, kink, scratches, etc.). As more adatoms are produced, they aggregate and form 

a metallic nucleus that grows. If the potential is applied for a sufficient time, the 

electrode surface becomes completely covered.  

 

 
Fig. 1. 1 – Graphical illustration of the initial phase of an electrodeposition process. 

 

A potential more negative than the equilibrium potential of the metal specie 

         have to be applied in order to promote the electrodeposition reaction. The 

overpotential () is the difference between the potential required to be applied to obtain 

the deposit and the equilibrium potential and represents the extent of the energy barrier 

to the electrodeposition occur: 

 

                                                                 (1.2) 

 

From the above equation, two types of electrodeposition can be defined: 

 

                  Underpotential deposition (UPD) 

                  Overpotential deposition (OPD) 
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The affinity (   between the metallic adatom and the substrate (S),          , 

and between the adatom and metal previously deposited,             and the lattice 

misfit are the most important parameters that determines the magnitude of the 

overpotential required and growth modes [3, 4]. For low affinity between the metallic 

adatom and the substrate three-dimensional islands form in the OPD range according 

to the Volmer-Weber model.  In the case of high affinity between the adatom and the 

substrate, an initial layer is deposited formed in UPD regime, which originates a 

crystallographic misfit. For a small crystallographic misfit (          ) the film grow 

layer by layer according the Frank-van der Merwe model. However if            the 

growth will occur through the formation of tridimensional islands according the so-

called Stranski-Krastanov model. Fig. 1.2 illustrate the different models discussed 

above that allow graphical interpretation of the growth process of metallic films on a 

surface. 

 

 
Fig. 1. 2 – Graphical representation of the different growth models, a) Volmer-Weber 
model; b) Frank-van der Merwe model; c) Stranski-Krastanov model. (adapted from [3]) 

 

Metal electrodeposition starts with the formation of growth centres until a 

continuous layer is formed and the most employed methods are the potentiostatic or 

galvanostatic deposition.  

1.1.1. Nucleation process 

1.1.1.1. Kinetics of nucleation  

 The first stage of an electrodeposition process is the formation of the nuclei 

and is characterized by a specific form of time-dependent current. The formation of 

those nuceli follow a first order kinetics and the nucleation law is given by [5]: 

 

                                                                    (1.3) 

 

where    is the number of active sites where nucleation is possible, t is time and a is 

nucleation rate. For high nucleation rates this equation describes an instantaneous 



Chapter I – Theoretical framework 

 

8 | P a g e  
 

nucleation where all the available sites are nucleated at t = 0. For small nucleation 

rates this equation describes the progressive nucleation and only a fraction of the 

available sites will be nucleated at t = 0, and overtime more sites will be nucleated. 

This is an important parameter considering that the nucleation rate can be controlled 

experimentally by the applied overpotential. 

 

1.1.1.2. Nucleation and growth 

Similar to nucleation, crystal growth can occur by two different mechanisms 

namely, two-dimensional (2D) or three-dimensional (3D) growth. 

In the 2D growth mechanism, the adatoms attach at the edge of the existing 

nuclei to form a single layer and the nucleation continuous layer-by-layer. The current 

density (j) for a 2D-instantaneous nucleation and growth is given by [2]: 

  
           

 
                                                   (1.4) 

 

And for a 2D-progressive nucleation and growth the current density is given by [2]: 

 

  
            

 
                                                (1.5) 

 

where M is the molecular weight, k is the incorporation rate constant,   is the number 

of electrons involved in the reaction, F is the Faraday constant, h is the height of the 

nucleus and  is the density of the deposit. Experimentally this happens at very short 

times until the diffusion zones of the growth nucleus begin to overlap and to take into 

account this phenomenon Equations 2.4 and 2.5 were modified according the Avrami 

theory [6]. Therefore, the current density for an instantaneous nucleation is given by: 

 

  
           

 
     

     
     

                                 (1.6) 

 

and the progressive nucleation is given by: 

 

  
          

 
     

      
     

                                 (1.7) 

The second possible growth mechanism is the three-dimensional growth, which is 

characterized by the random addition of the adatoms at the surface resulting in the 
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growth vertically as well as laterally at similar rates. Scharifker and Mostany [7] 

proposed a model for a nucleation process with diffusion-controlled growth on which 

they did not discriminate between progressive and instantaneous nucleation and the 

current density is described by: 

 

   
       

                       
              

 
                    (1.8) 

 

where                and D is the diffusion coefficient of the metal ion.  

These expressions are generally used in its dimensionless forms [8]. In this 

way, it is possible to compare the theoretical curves with the experimental data and 

evaluate the type of nucleation and growth mechanism involved in the system under 

study. The equivalent dimensionless equations are: 

2D-Instantaneous 

 

  
  

 

  
     

       
  

   
                                         (1.9) 

2D-Progressive 

 

  
  

  

  
      

        
  

   
                                         (1.10) 

3D-Instantaneous 

 
 

  
 
 

  
      
 

   
                

 

  
   

 

                       (1.11) 

3D-Progressive 

 
 

  
 
 

  
      
 

   
                

 

  
 
 

  

 

                     (1.12) 

 

Fig. 1.3 show the example of a current-time transient and the dimensionless 

plots for a 3D nucleation and growth model. This experimental transient will have the 

same shape after being normalized and plotted as j/jmax vs t/tmax. A positive match can 

be used to identify the nucleation and growth model. However this method of 

characterization of the nucleation and growth model largely depend on a single point 

(jmax, tmax) and is often obtained experimental data that fall between the curves for 

progressive and instantaneous model. Nonetheless, the results of the dimensionless 

analysis should be considered a useful tool to characterize the deposition mechanism. 
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Fig. 1. 3 – A - Theoretical current-time transient; B - Example of the theoretical plots for 
the 3D nucleation model with a progressive and instantaneous growth. 

The experimental conditions can affect the properties of the deposit as well as 

the deposition mechanism. In order to control the properties of the final coating and to 

improve the efficiency of the deposition process a wide range of additives can be used.  

 

1.1.2. Effect of additives in metal electrodeposition 

Most of the plating solutions have in their composition additives such as 

levellers, brighteners and surfactants that can modify the characteristics of deposits. 

The mechanisms of action of such additives depend not only on the metal ion, but also 

with the working conditions. In general, their main purpose is to control the rate of the 

electrodeposition process or to modify the deposit morphology.  

The main morphological and structural modifications induced by the additives 

are grain refinement, preferential growth and texture. These modifications in the 

deposit morphology can be obtained by changing the nucleation and growth process or 

the competition between growth and nucleation [9]. 

Additives can also acts on the electrochemical process by blocking the surface, 

ion pairing, modifying the interfacial tension or by complexing the metal ions [10]. Some 

of the additives are adsorbed at the electrode surface and interfere with the 

electrodeposition reaction by blocking the active surface area. The additives influence 

the rate of electrodeposition by acting as a bridge for mediating the electron transfer 

between the electrode and the metal ions and thus increasing the reaction rate. In 

addition, they can change the interfacial tension, and they can form a film that 

depending on their characteristics can influence the electrodeposition rate and 

distribution of the deposit. 

A B 
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The majority of the additives used in plating baths are complexing agents. Their 

general mechanism of action is to form complexes with the metal ions causing a shift in 

their reduction potential.  

Metal electrodeposition is generally performed using aqueous solutions due to 

high conductivities, high solubility of metal salts, etc. [11]. Some limitations are usually 

associated to the use of aqueous solvents, namely narrow potential windows, hydrogen 

embrittlement, the use of complexants agents such as cyanide.  

There are a range of environmental and safety alternative solvents that can be 

used and a review about these non-aqueous alternatives is given in [12-14]. 

1.2. Ionic liquids 

1.2.1. Historical overview of ionic liquids 

Ionic liquids are salts that have low melting point and by definition they are 

liquid at temperatures below 100 ºC [15]. The first ionic liquid was described in 1914 by 

Walden and was formed by [EtNH3][NO3] with a melting point of 12 °C [15]. In 1948 at 

Rice Institute in Texas the first ionic liquid containing chloroaluminate ions was 

synthesized and used in the aluminium electrodeposition [16]. A eutectic mixture of 

LiCl/KCl/AlCl3 with a freezing point of about 100 ° C can be formed by changing  their 

proportions [17]. 

The strategy of utilizing bulky ions to reduce the melting points attracted the 

attention of Osteryoung et al. In the 70's he formed a ionic liquid at 20 ºC by mixing 60-

67 mol% of chloroaluminate ions with 1-butylpyridinium [18]. First generation ionic 

liquids can be obtained by mixing one organic cation, typically an imidazolium 

derivative with an chloroaluminate anion [15]. 

Second-generation ionic liquids, formed by discrete ions instead of eutectic 

mixtures were introduced in 1992. Wilkes and Zaworotko [19] claimed that by replacing 

chloroaluminate ions by discrete ions such as tetrafluoroborate the resultant ionic 

solvent would be air and water stable. If more hydrophobic anions were used their 

water tolerance may be improved. 

Among of the wide range of ions used to synthesized the ionic liquids the most 

popular cations use are 1-butyl-3-methylimidazolium ([BMIm]) and 1-ethyl-3-

methylimidazolium ([EMIm]). These cations are usually combined with the Cl-, [BF4]
-, 

[PF6]
- and [AlCl3]

- [Tf2N]- anions [20]. Considering the possible cation-anion 

combinations, it is estimated that the number of ionic liquids may be in the order of 106. 

Clearly, the ionic liquids have the potential to be versatile solvents with properties that 

can be easily adjusted for specific purposes. Although they have attractive properties 

such as low vapour pressure, high thermal stability, etc. [20] they present some 
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important drawbacks. Therefore, for they can be considered a viable alternative to 

aqueous solutions for metal electrodeposition they should be less expensive and easier 

to handle. 

 

1.2.2. Deep eutectic solvents 

The cost and the difficulty to handle are the two major disadvantages of the 

ionic liquids briefly described in the previous sections. . In 2001, Abbott and his 

collaborators attempting to overcome these drawbacks developed a new type of ionic 

solvent which they designated by DES - Deep Eutectic Solvent [21, 22]. In contrast to 

the traditional ionic liquids based purely on electrostatic bonds between the cation and 

the anion, DES components interact by forming hydrogen bonds or metal halide bonds 

via the anion of the salt. 

They are called DES because the liquid is formed close to the eutectic 

composition of the mixture, which refers to the molar ratio between the two 

components that gives the lowest melting point possible. 

These liquids can be described by the general formula R1R2R3R4N
+ X-. zY, 

where X is usually a halogen ion (most often Cl-) and R1R2R3R4N
+ quaternary 

ammonium cation. The complex is formed between the X- and Y which is a Bronsted or 

Lewis acid (z represent the number of Y molecules that are connected to the anion). 

Depending on the type of complexant used, the ionic liquids formed can be divided into 

three types:  

 

 

Type I Y = MClx, M = Zn, Sn, Fe, Al  

Type II Y = MClx.yH2O, M = Cr, Co, Cu, Ni, Fe  

Type III Y = RZ, Z= CONH2, COOH, OH 

 

To form this type of solvents choline chloride, ChCl, (Fig. 1.4) is commonly used 

as the quaternary ammonium salt because it is an asymmetric salt with a polar 

functional group which allows a greater reduction in the freezing point and also 

because it is a non-toxic substance. Besides being very cheap, choline chloride is also 

known as pro-vitamin B4 and over the years have been mainly used as an additive in 

animal feed. 
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Fig. 1. 4 – Choline chloride structure ((2-Hydroxyethyl)trimethylammonium chloride). 

The liquid formed is comprised by cations and anions. However, the crystal 

lattice energy is reduced by charge delocalization. Fig. 1.5 illustrates the interaction 

between the hydrogen bonds donors and ChCl. 

 

 

Fig. 1. 5 – Graphical representation of the interaction of hydrogen bond donors with a 
quaternary ammonium salt (choline chloride). 

 

1.2.2.1. DES Type I 

This type of DES can be considered analogous to the liquid formed between 

AlCl3 and the imidazolium cation but using less reactive metals. One of the most 

interesting properties of these liquids is that although many of them contain metal 

halides with the general formula MClX the eutectic composition of the system can be 

different depending on the halide. For example, the composition of the eutectic mixture 

of ZnCl2 with ChCl is 2:1. However, for the mixture of SnCl2 with ChCl the eutectic 

composition is 2.5:1. This difference can be explained considering that SnCl2 is a 

weaker Lewis acid than ZnCl2 and this is a good indicator that the formation of these 

solvents can be highly influenced by the strength of the interaction between both 

components and not only by the number of bonds formed. One can thus conclude that 

despite having metallic salts with similar structure each system behaves differently and 

can be adapted for different purposes. 

 

1.2.2.2. DES Type II 

The difference between this type of DES and the previous one is that the 

complexing agent used is the water present in the hydrated metal halides. For example 
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if the metal halide is used in the anhydrous form and then added to the mixture, the 

equivalent moles of water would not result in a DES type II. Therefore the coordination 

sphere of the metal is a key factor and this type of solvent is not a concentrated 

aqueous solution but in fact an ionic solvent. This type of DES is more tolerant to 

moisture and air due to the use of hydrated complexed metal ion. Nevertheless, 

fluctuations in temperature changes the amount of water present in the liquid. 

1.2.2.3. DES Type III 

This type of DES is obtained mixing ChCl with an hydrogen bond donor and can  

dissolve a wide range of metals whether they are in the form of chlorides [23] or in the 

form of oxides [23, 24]. Carboxylic acids, alcohols and amides can be used as 

hydrogen bond donors. The resulting liquid is biodegradable, simple to prepare and 

water stable. 

1.2.3. Physicochemical properties of DESs 

Density, viscosity and conductivity are some of the most important properties 

that determine if a given solvent is appropriate for electrochemical use. 

Generally, DESs exhibits higher densities when compared with aqueous 

solutions. As it can be seen from the analysis if Table 1.2 the HBD have a major 

influence on the density of the resultant liquid. It has been proposed that DESs are 

composed by empty vacancies or holes that influences the density and according to 

the Hole theory [22, 25] an ion can only move through an ionic liquid if it is adjacent to 

a hole of equal or greater size. This indicates that the density is dependent on the 

packing and molecular organization of the DES that is dependent of the HBD used [22]. 

Similar to the density the viscosity is related to the hole radius ratio in the 

solvent as function of the HBD (Table 2.2). The DESs has higher viscosities than 

aqueous solvents which result from the large ion size in comparison with small void 

volume and also the electrostatic or van der Walls interactions [26]. Furthermore, the 

variation of the viscosity with the temperature follows an Arrhenius-like behavior, i.e. as 

the temperature increases the viscosity decreases.  

The conductivity of a solvent is highly correlated with the viscosity. Due to their 

high viscosities, most of the DESs exhibit poor ionic conductivities. The conductivity of 

the DESs increases as the temperature increases due to the decrease in the viscosity.  

Since the composition has an impact on the viscosity, density and conductivity, 

it is possible to adjust the properties of the DESs by adjusting their composition.  

Table 1. 2 – Density, viscosity, conductivity and freezing point (Tf) of different DES.  
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DESs Tf (ºC) 
Density 
(g cm-3) 

Viscosity 
(cP) 

Conductivity  
(mS cm-1) 

ChCl:EG (1:2) -12.9 1.12 (25 ºC) 37 (25 ºC) 7.61 (20 ºC) 

ChCl:Glya (1:2) 17.8 1.18 (25 ºC) 259 (25 ºC) 1.05 (20 ºC) 

ChCl:U (1:2) 12 1.25 (25 ºC) 750 (25 ºC) 0.199 (40 ºC) 
a
 Gly is glycerol. 

 

1.2.4. Applications of DESs 

Due to their unique properties DESs and ILs in general have been propose for a 

wide range of applications such as organic synthesis, biocatalysis or in 

electrochemistry [26-29]. The major application of DES in electrochemistry is for metal 

electrodeposition. They have the advantage that metals salts are highly soluble. In the 

following sections, it will be presented a more detailed revision of the literature 

regarding the metal studied. Nevertheless, Table 1.3 present a brief summary of the 

metals that have been successfully deposited from ionic liquids / DESs. 

 

Table 1. 3 – Example of metals deposited using ionic liquids / DES.  

Ionic liquid Metals 

1st generation 
Pd [30], Al [31], Pb [32], Cu [33], Co [34], Ag [35], Zn [36], Ni [37], 

Cd [38], In [39], Bi [40] 

2nd generation 
Pd [41], Al [42], Ge [43], Ti [44], Ta [45], Cu [46], Co [47], Ag [48], 

Au [49], Zn [50], Ni [51], Cd [52], La [53], Ru [54], In [55], Fe [56], Pt 
[57], Sn [58], Bi [59], Cr [60, 61] 

DES  Pd [62], Pb [63], Zn [64], Ni [65], Sn [66], Cr [21] 
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2. Introduction 

This chapter contains the description of the materials, standard experimental 

conditions as well as the equipment used in the preparation of this thesis. The theory 

underlying the electrochemical and the surface analysis techniques are not described 

in detail but a theoretical overview of the more relevant techniques used will be given. 

2.1. Analytical techniques 

2.1.1. Electrochemical techniques 

2.1.1.1. Cyclic voltammetry 

Cyclic voltammetry is one of most used technique to study electrochemical 

reactions because rapidly provides relevant information about the thermodynamics and 

kinetics of the redox process under study. Cyclic voltammetry consist of scanning 

linearly the potential of a working electrode (usually stationary) using a triangular 

potential waveform (see Fig. 2.1A) originating reduction or oxidation reactions of the 

electroactive species in solution. During the potential sweep the current generated from 

the electrochemical process, occurring at different applied potential values is plotted 

versus the applied potential, which is denoted as a cyclic voltammogram (see Fig. 

2.1B). 

  

Fig. 2. 1 – A: Variation of the Potential-time signal in a cyclic voltammetry experiment; 
B: graphical representation of typical cyclic voltammogram. 

 

Beginning at Einitial the applied potential becomes progressively more negative 

and the current increases due to the reduction of the analyte at the electrode. The 

current increases until the current peak (ipc) is reached at given potential (Epc) and then 

it drops, despite the potential, when being scanned more negatively. This is because 

the concentration of the oxidize form of the analyte diminished near the electrode 

surface due to the increased reduction reaction rate and because the mass transport is 

not fast enough to maintain the concentration levels similar those in bulk solution.  

Reversing the scan towards more positive potentials the reduced analyte starts to be 
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oxidized and an anodic peak is observed (Epa, ipa). The reversibility of the redox 

process can be accessed by evaluating the separation between the peak potentials of 

the cathodic and anodic process according the following equation: 

 

              
     

 
                                            (2.1) 

 

According to Eq 2.1 a reversible one-electron process exhibits a     of 59 mV. For 

reversible systems, the current peak intensity is given by the Randles-Sevcik equation:  

 

                                                             (2.2) 

 

where A is the surface area in cm2, D is the coefficient diffusion in cm2 s-1, c is the 

concentration in mol cm-3, ν is the scan rate in V s-1 and n is the number of electrons 

involved in the reaction. According to this equation, the current is directly proportional 

to the concentration and increases with square root of the scan rate. 

A redox reaction is considered irreversible if the peak separation is greater than 

59/  mV and increases with increasing the scan rate. In these systems the charge 

transfer is low and to determine the current peak intensity must be consider a charge 

transfer coefficient (α), thus the current peak intensity is given by: 

 

                 
                                             (2.2) 

 

2.1.1.2. Chronoamperometry 

Chronoamperometry involves the application of a single potential pulse for a 

period of time while the current is measured. The electrode is kept at a potential where 

no reaction occurs and then a potential pulse is applied and the electrode potential 

instantaneously change to a potential at which the electrochemical reaction occurs. 

The graphical representation of current vs. time is called current-time transient and is 

shown in Fig. 2.2. This current-time transient can be divide into three time intervals. At 

the beginning, the current decays due to the double layer charging. In the second 

interval, the current increases due to the growth of an independent nuclei or growth of 

independent nuclei and simultaneous increase in number of nuclei. Finally, the current 

reaches a maximum (jmax, tmax) and then decreases. The decrease in the current results 

from the overlap of the growth centers. Chronoamperometry is a commonly used 
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technique to perform metal electrodeposition experiments because it allows control 

over the deposition rate and their current response can give information about the 

deposition mechanism (see section 1.2.1.2). The charge passed during a potential 

pulse can be related to the amount of metal deposited at the electrode surface 

according to Faraday’s Law: 

 

                                                           (2.3) 

 

where N is the number of moles of deposited specie and F is the Faraday’s constant 

(96485.33 C mol-1). This equation assumes that the deposition process is 100% 

efficient, which does not occur in practice. Therefore, real amount of metal deposited 

will be lower than the calculated by this equation.  

A more comprehensive description of the electrochemical techniques used can 

be found in [1-3]. 

 

2.1.2. Surface analysis 

2.1.2.1. X-ray diffraction 

X-ray diffraction (denoted as XRD) provides information on phase composition 

of a crystalline sample and on unit cell dimensions. An X-ray diffractometer can be 

divided into three basic elements: an X-ray tube, a sample holder, and an X-ray 

detector (Fig. 2.3). The X-rays are produced in the X-ray tube by using a high voltage 

(15-60 kV) to accelerate the electrons. When they have enough energy, they hit a 

target material (commonly copper) and the X-rays are produced. The wavelength of 

these X-rays is characteristic of the target material. These X-rays are filtered and 

directed to the sample and the intensity of the reflected X-rays is recorded. By 

scanning the sample through a range of 2θ angles, all possible diffraction directions of 

the lattice should be attained due to the random orientation within the sample. The 

instrument used to change the angle between the X-ray source, the sample, and the 

detector at a controlled rate is called goniometer.  

The crystallite size was calculated using Scherrer equation: 

 

  
  

     
                                                           (2.4) 
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where D is the grain size, k the Scherrer constant [4], λ the wavelength of X-ray, β the 

full width at half maximum and θ is the diffraction angle. 

A more detail description of the theory and function of X-ray diffraction can be 

found in [5-7]. 

 

Fig. 2. 2 – X-ray schematic diagram.  

 

2.1.2.2. Scanning electron microscopy 

Scanning electron microscopy (denoted as SEM) is one of the most important 

techniques in metal electrodeposition. The power of SEM results from its ability to 

rapidly provide morphological, topographic, structural and chemical composition of the 

sample analysed. In the SEM analysis, the sample is irradiate using a high-energy 

electron beam that causes the emission of different type of radiations (Fig. 2.3 B). The 

most important signals are the secondary and backscattered electrons because they 

are mainly related with the sample topography. SEM microscope (Fig. 2.3A) is mainly 

formed by an electron source that accelerate the electrons up to 30-40 KeV that are 

focused before irradiate the sample. The sample is scanned using this electron beam 

and the control console uses the resultant emitted signals to generate the image. 

Chemical analysis in SEM is obtained by measuring the energy and intensity 

distribution of the X-ray signal generated by the focused electron beam. A more 

comprehensive description of the SEM theory can be found in [8]. 
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Fig. 2. 3 – A: Scanning electron microscope schematic diagram; B: Electron beam-
specimen volume interaction. 
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2.2. Experimental procedures 

2.2.1. Materials 

Table 2.1 summarizes the relevant information of the compounds used during 

this thesis. 

 
Table 2. 1 – List of compounds used during this thesis. 

Compound 
Molecular weight 

(g mol-1) 
Company Purity (%) 

Acetamide 59.07 Sigma-Aldrich ≥99.0 

Choline chloride 139.62 Sigma-Aldrich 99.0 

Cobalt chloride 

hexahydrate 
237.90 Sigma-Aldrich 98.0 

Dimethylacetamide 87.12 Sigma-Aldrich 99.8 

DMSO 78.13 Sigma-Aldrich puriss 

Ethylamine 45.08 Fluka Purum 

Ethylene glycol 62.07 Sigma-Aldrich 99.8 

Ethylenediamine 60.10 Fluka 99.5 

Idranal VII 344.20 Riedel-de Haën 99.0 

Lithium fluoride 25.94 Sigma-Aldrich ≥ 99.0 

Manganese chloride 

tetrahydrate 
197.90 Sigma-Aldrich ≥ 98.0 

MWCNTs - Aldrich ≥95.0 

Nickel chloride 129.60 Sigma-Aldrich 98.0 

Tin chloride 189.60 Fluka ≥ 95.0 

titanium tetrachloride 189.70 Fluka ≥ 98.0 

Urea 60.06 Sigma-Aldrich Puriss 

Zinc chloride 136.30 Sigma-Aldrich ≥ 98.0 
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2.2.2. Electrolyte preparation 

2.2.2.1. Synthesis of 1:2 Choline chloride:ethylene glycol 

The eutectic mixture was prepared by stirring choline chloride and ethylene 

glycol in the molar proportion of 1:2 at a temperature in the range 70-90 ºC until a 

homogeneous clear liquid was formed. 

2.2.2.2. Synthesis of 1:2 Choline chloride:urea 

The eutectic mixture was prepared by stirring choline chloride and urea in the 

molar proportion of 1:2 at a temperature in the range 70-90 ºC until a homogeneous 

clear liquid was formed. 

2.2.2.3. Synthesis of 1:2 Choline chloride:urea-MWCNTs  

The eutectic mixture was prepared by stirring choline chloride and urea in the 

molar proportion of 1:2 at a temperature in the range 70-90 ºC until a homogeneous 

clear liquid was formed. Then the corresponding amount of the MWCNTs in the range 

of 0.1-0.5 g L
-1

 were introduced and the obtained electrolyte has been subjected to a 

strong ultrasound stirring (5000 J energy) involving SONICS Vibra-cell high intensity 

ultrasonic processor (Model VCx500; power: 500 W; frequency: 20 kHz, 

SONICS&MATERIALS, Inc. USA), to provide the formation of a uniform and stable 

dispersion. 

2.2.3. Instrumental 

2.2.3.1. Cyclic voltammetry and chronoamperometry measurements 

The electrochemical studies were carried out in a three-electrode glass cell. 

Copper (d=2 mm), nickel (d=3 mm), glassy carbon (d=2 mm) and a mild steel (AlSl 304 

(Fe/Cr18/Ni10), d= 3 mm) were used as a working electrodes, a glassy carbon rod as a 

counter electrode and a calomel electrode filled with a saturated aqueous choline 

chloride solution, CE(ChCl) as a reference electrode. The working electrode was 

polished with 3 µm diamond paste, rinsed thoroughly with water (deionized through a 

Millipore system, 18 MΩ cm) and dried with nitrogen. Cyclic voltammograms were 

recorded under a nitrogen atmosphere using an Autolab PSTAT10 potentiostat 

controlled with GPES 4.9 software.  
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2.2.3.2. SEM analysis 

SEM images were obtained using a field emission scanning electron 

microscope (SEM, FEI Quanta 400 FEG/EDAX Genesis X4M) at CEMUP. 

2.2.3.3. XRD analysis 

The phases and crystal structure of the deposits were determined by X-ray 

diffraction (XRD) using a Rigaku SmartLab diffractometer in the Bragg-Brentano 

geometry, equipped with a D/teX Ultra 250 detector and with a CuKα target (1.540 Å). 

The scanning rate was 10 ºmin-1 and the step used was 0.03º.  

2.2.3.4. Vibrating sample magnetometer measurements 

The magnetic properties of the samples were measured by vibrating sample 

magnetometer (denoted as VSM) using a VSM LOT-Oriel EV7 at room temperature 

with an applied field of 10 kOe.  

2.2.3.5. AFM measurements 

A home-built Atomic Force Microscopy (AFM) system controlled by 

commercial electronics-SPM1000 and PLLPro2 from RHK Technologies was used to 

perform the surface analysis. AFM images have been recorded in contact mode on all 

samples at ambient atmosphere (T=28 ºC, RH~55 %), using RMN - 12PT400B probe. 

Areas of 1 x 1, 5 x 5, 10 x 10 and 20 x 20 μm
2
 were scanned for each sample. Local 

morphology features, as length and width of individual grains, were measured. The 

roughness parameters, Ra (arithmetic average of measured microscopic peaks and 

valleys) and RMS (root mean square of measured microscopic peaks and valleys) were 

calculated, respectively. 

2.2.3.6. Topography measurements 

The characterization of the surface topography has been performed using a 

Bruker Dektak XT profilometer with a 2 μm probe. Profile images have been recorded 

on all samples at ambient atmosphere, areas of 100 x 100 μm
2
 were scanned for each 

sample. The roughness parameters, Ra (arithmetic average of measured microscopic 

peaks and valleys) and RMS (root mean square of measured microscopic peaks and 

valleys) were calculated. 
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2.2.3.7. Corrosion measurements 

The corrosion resistance measurements were performed using a three-

electrode cell with 3% NaCl solution as electrolyte.  The electrodeposited coatings 

were used as the working electrode, a glassy carbon rod as a counter electrode and a 

calomel electrode (SCE) as the reference electrode. Potentiodynamic polarization 

curves were measured for all samples at a scan rate of 1 mVs-1. Electrochemical 

impedance spectra, recorded with 10 mV a.c. voltage within 0.05–105 Hz frequency 

range, have been processed using ZView 2.7 software from Scribner Association Inc. 
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3. Introduction 

Zinc and its alloys are indispensable to several technological fields, namely 

corrosion resistant coatings or energy storage. Traditionally zinc is electrodeposited 

from cyanide baths, from alkaline cyanide-free baths and from acid chloride baths [1, 

2]. Such electrolytes are toxic and corrosive. Furthermore, the electrodeposition of zinc 

and its alloys from aqueous solutions it is usually accompanied by hydrogen evolution 

and therefore the search for alternative electrolytes for zinc electrodeposition is 

necessary.  

Electrodeposition of zinc from ionic liquids has attracted the attention in the 

recent years because problems associated with hydrogen embrittlement can be 

avoided or considerably reduced [3, 4]. Furthermore, the use of ionic liquids in metal 

electrodeposition can be considered an environmentally friendly alternative to the 

traditional aqueous solutions. 

The electrodeposition of zinc was studied using different ionic liquids namely 

the acidic AlCl3-based ionic liquid [5]. Such liquid is water and air sensitive therefore, 

the experiments must be carried out using a glove box filled with an inert gas. To 

overcome this drawback air and water stable chlorozincate ionic liquids were used for 

Zn and Zn-alloy deposition [6-9]. The authors proved to be possible to obtain zinc 

deposits from Lewis acidic chlorozincate ionic liquids. Furthermore, it was also showed 

an improvement in the quality of the zinc deposit when propylene carbonate was used 

as cosolvent.  

Liu et al [10] investigated the influence of water on the electrodeposition of zinc 

from ionic liquid/water mixtures. They concluded that the addition of water diminishes 

the viscosity of the ionic liquid. However, an increase in water content also reduces the 

electrochemical window. The presence of water also affected the morphology of the 

deposits in terms of grain size and preferential grain orientation. 

Recently Chen et al [11] studied the electrodeposition of zinc from the 

hydrophobic Brønsted acidic ionic liquid, protonated betaine 

bis((trifluoromethyl)sulfonyl)imide. The authors concluded that the dissociable protons 

that exist in large quantity in this ionic liquid easily oxidized the Zn deposits. However, 

the stability of the zinc deposits can be greatly improved by adjusting the acidity of the 

ionic liquid using ZnO or a Brønsted base such as urea. 

An alternative class of less expensive ionic liquids analogues called Deep 

Eutectic Solvents (DES) based on combinations of choline chloride and hydrogen bond 

donors such us urea or ethylene glycol have been successfully used for metal 

electrodeposition [12, 13]. Electrodeposition of zinc from DES based on combinations 
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of choline chloride with either ethylene glycol or urea was investigated [14, 15]. The 

authors concluded that nucleation in the urea-based DES was fast but bulk growth was 

slow, whereas nucleation in the glycol-based liquid was slow but bulk growth was 

relatively fast. In addition, the surface morphology was shown to be dependent on the 

hydrogen bond donor used. Small platelet-shaped crystals in the glycol based DES and 

rice-grain crystals in urea-based DES. 

Organic and inorganic additives are often added to the aqueous plating solution 

to improve surface morphology, roughness and adhesion of the deposit [16]. Abbott et 

al [17] investigated the effect of the addition of three polar additives, namely 

acetonitrile, ethylenediamine, ammonia on the nucleation mechanism and morphology 

of the zinc deposits. Ethylenediamine and ammonia were the most effective additives 

having a brightening effect due to their ability to inhibit the adsorption of chloride at the 

electrode surface. Pereira et al [18] studied the influence of the tartrate ion on the 

electrodeposition of zinc from the DES prepared by mixing choline chloride and 

ethylene glycol. The authors reported that tartaric acid modified the nucleation 

mechanism of zinc deposition and the morphology of the resultant deposit.  

The present work studied the effects of organic additives such as acetamide, 

dimethylacetamide and DMSO on Zn electrodeposition from choline chloride:ethylene 

glycol mixture having a molar ratio of 1:2. The Zn electrodeposition was investigated by 

cyclic voltammetric and chronoamperometric measurements. The metal deposits were 

analysed by field emission scanning electron microscopy (FE-SEM), and the 

crystallinity of the deposit was evaluated by XRD and corrosion resistance was 

evaluated by potentiodynamic polarization.  

3.1. Results and discussion 

Zinc containing ionic liquids were prepared by dissolving 5.0x10-1 mol dm-3 of 

ZnCl2 in ChCl-EG containing between 2.5x10-3 and 5.0x10-1 mol dm-3 of acetamide or 

dimethylacetamide or DMSO. All mixtures were liquid, colorless and clear at 40 ºC. The 

variation of the electrolyte conductivity is presented in Fig. 3.1 for different additive 

concentration at 40 ºC. As shown in this figure we obtained a conductivity of 10.86 

mS cm-1 for the ChCl-EG solution containing 5.0x10-1 mol dm-3 of ZnCl2. The 

conductivity increased as the concentration of acetamide, dimethylacetamide and 

DMSO increased up to a maximum of 11.29, 12.05 and 11.4 mS cm-1, respectively. It 

should be noticed that in the case of dimethylacetamide and DMSO the maximum was 

obtained upon addition of 5.0x10-2 mol dm-3 to the solution and further increase in 

concentration the conductivity diminishes. 
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Fig. 3. 1 – Electrical conductivity for the ChCl-EG solution containing 5.0x10-1 mol dm-3 

of ZnCl2 and with different concentrations of acetamide ( ), dimethylacetamide  
( ) and DMSO ( ) at 40 °C. 

 

The cyclic voltammograms of ZnCl2 in ChCl-EG mixtures recorded on steel 

electrode at 40 ºC are presented in Fig. 3.2, at 5 mVs-1 and in the presence of each 

additive. The voltammograms clearly showed that the cathodic peak observed at -1.5 V 

is only observed after reversing the scan. The reduction peak is followed by four 

oxidation processes with current peak located at -1.1, -0.9, -0.85 and -0.75 V. This 

unusual voltammetric behaviour, where the reduction peak is observed on the reverse 

anodic scan have been reported for other ionic liquids and DESs [18, 20-24]. Based on 

the data reported on the literature, this behaviour may be related to the formation of a 

potential choline dependent compact layer and with a formation of a zinc intermediate. 

The addition of acetamide to the plating solution did not cause significant 

changes in the voltammetric profile of zinc apart from a slight shift of the cathodic peak 

potential towards more negative potentials. In contrast, the addition of 

dimethylacetamide caused significant modifications on the voltammetric profile. In the 

presence of this additive the onset of the reduction process at -1.4 V with a current 

peak at about -1.5 V. This additive possibly impedes the choline ions to completely 

adsorb at the electrode surface and therefore the choline compact layer is not formed 

which allows the reducible zinc species to reach the electrode surface. Reversing the 

scan it is still visible four oxidation processes, however, the current peak at -0.9, -0.85 

and -0.75 V are higher when compared with the values obtained without additives. A 
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current loop is also observed, indicating that the reduction of Zn(II) at this electrode 

involves a nucleation process. 

The addition of DMSO to the plating solution originated a voltammetric profile 

with some differences when compared to the one obtained with the additive-free 

solution. Significant differences can be observed on the anodic scan on which only two 

oxidation processes are visible namely at -1.1 and -0.9 V.  

 

 

Fig. 3. 2 – A) Cyclic voltammograms for 5.0x10-1 mol dm-3 of ZnCl2 (red line) and with 
5.0x10-2 mol dm-3 of acetamide (blue line), 5.0x10-2 mol dm-3 of dimethylacetamide 
(black line) and 5.0x10-2 mol dm-3 of DMSO (green line) using a stainless steel disc at  
40 °C at 5 mVs-1 immersed in ChCl-EG. 

 

Chronoamperometry measurements were conducted to study the nucleation 

mechanism of zinc electrodeposition on a steel electrode. Fig. 3.3 shows the transients 

recorded on a steel electrode by stepping the electrode potential to a potential range 

where the reduction of Zn(II) occurs.  

The current transients obtained exhibits an initial current decay associated with 

the double-layer charging followed by a rising current associated with the formation and 

growth of the zinc nucleus until a current maximum is reached (im) at time tm indicating 

that hemispherical diffusion layers begins to overlap and then the current decays.  

The overall profile is not significantly changed after the addition of acetamide, 

dimethylacetamide or DMSO to the DES solution. However, the value of tm diminished 
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after the addition of dimethylacetamide indicating a faster nucleus overlapping when 

compared to the additive-free solution. In contrast, the value of tm increased after the 

addition of DMSO and acetamide, which implies a smaller nucleation and growth rate.  

 

 

Fig. 3. 3 – Chronoamperograms for 5.0x10-1 mol dm-3 of ZnCl2 (A) and with  
5.0x10-2 mol dm-3 of acetamide (B), 5.0x10-2 mol dm-3 of dimethylacetamide (C) and  
5.0x10-2 mol dm-3 of DMSO (D) using a stainless steel disc at 40 °C. 



Chapter III – Electrodeposition of Zn 

 

40 | P a g e  
 

(Fig. 3.3 cont.) 

 

 

Fig. 3.3 – Chronoamperograms for 5.0x10-1 mol dm-3 of ZnCl2 (A) and with 

5.0x10-2 mol dm-3 of acetamide (B), 5.0x10-2 mol dm-3 of dimethylacetamide (C) and  

5.0x10-2 mol dm-3 of DMSO (D) using a stainless steel disc at 40 °C. 
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The nucleation mechanism is one of the variables that affects the metal/alloy 

deposition [25] and usually, the deposition on foreign substrate occurs via three-

dimensional (3D) nucleation process [26]. To predict the behaviour of the experimental 

current transients and therefore the nucleation mechanism several theoretical models 

have been developed [27-34]. A suitable method is the one proposed by Scharifker and 

Hills (SH) [27] that considers two limiting cases, one called instantaneous nucleation 

(IN) and the other called progressive nucleation (PN). In the first case, all the nuclei are 

formed immediately after the potential step, in the second case the nuclei formation is 

time dependent, i.e. the number of nuclei increases during the deposition process.   

The theoretical transients for IN or PN nucleation are given by Eq.3.1 and 3.2. 

 

3D – IN                      
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3D – PN                     
 

  
 
 
        

 

  
 
  

               
 

  
 
 
  

 

                 (3.2) 

 

In order to determine the nucleation process of zinc electrodeposition, the 

normalized experimental current transients were plotted according to the SH model 

according to Fig. 3.4.  

 

 

Fig. 3. 4 – Dimensionless analysis of the experimental transients displayed in Fig. 3.3 
considering a 3D model for a progressive nucleation (red line) and instantaneous 
nucleation (green line) mechanism and an applied potential of dash: -1.500 V, dot: -
1.475 V, dash dot: -1.450 V, dash dot dot: -1.425 V and short dash: -1.400V. 
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(Fig. 3.4 cont.) 

 

 

Fig. 3. 4 – Dimensionless analysis of the experimental transients displayed in Fig. 3.3 

considering a 3D model for a progressive nucleation (red line) and instantaneous 

nucleation (green line) mechanism and an applied potential of dash: -1.500 V, 

dot: -1.475 V, dash dot: -1.450 V, dash dot dot: -1.425 V and short dash: -1.400V. 
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(Fig. 3.4 cont.) 

 

Fig. 3. 4 – Dimensionless analysis of the experimental transients displayed in Fig. 3.3 

considering a 3D model for a progressive nucleation (red line) and instantaneous 

nucleation (green line) mechanism and an applied potential of dash: -1.500 V, 

dot: -1.475 V, dash dot: -1.450 V, dash dot dot: -1.425 V and short dash: -1.400V. 

 

Overall, the experimental data have a good fit to the theoretical curves showing 

that the deposition of zinc follows a 3D progressive nucleation process for the potential 

range studied. Smith et al [35] have studied the deposition of zinc onto a gold electrode 

from ChCl-EG and the experimental data showed a good fitting to the progressive 

model. In contrast, an instantaneous nucleation process was obtained for zinc 

deposition on steel using ChCl-EG [23] and on coper electrode from ChCl-Urea [36]. 

The XRD analysis of the zinc deposits on steel substrate are presented in Fig. 

3.5. XRD pattern show that polycrystalline zinc was deposited at the steel electrode 

regardless of the composition of the plating solution. Diffraction signals assignable to 

the crystal close-packed structure of zinc indexed as (002), (100), (101), (102), (103) 

(110) planes were detected. According to the Scherrer equation, an average crystallite 

size of 73.2 nm was calculated for pure zinc deposits. The addition of either acetamide 

or dimethylacetamide produced deposits with smaller grains and an average crystallite 

size of 72.1 and 69.0 nm was obtained, respectively. Adding DMSO to the platting bath 

resulted in a clear decrease in the crystallite size and an average value of 31.7 nm was 
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obtained. Moreover, the XRD data did not reveal the existence of any detectable Zn 

phase resulting from the alloying of zinc with steel substrate. 

 

 

 

Fig. 3. 5 – A: XRD patterns and TC(hkl) curves and  (B) for zinc coatings 
electrodeposited on steel substrate at -1.5 V from ChCl-EG system containing 5.0x10-1 
mol dm-3 of ZnCl2 (a) and with 5.0x10-2 mol dm-3 of acetamide (b), 5.0x10-2 mol dm-3 of 
dimethylacetamide (c) and 5.0x10-2 mol dm-3 of DMSO (d) at 40 °C;  

 

The texture coefficient (TC) of each (hkl) plane was evaluated from the XRD 

spectrum according to the following equation [37]: 
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                                        (3.3) 

 

where Ii(hkl) is the intensity of the diffraction peak of the (hkl) plane in the XRD spectrum, 

I0i(hkl) is the standard intensity reported in the database for each (hkl) plane and the 

values were taken from Pearson's Crystal database and N is the number of diffractions 

signals considered in the analysis. TC(hkl) value is close to 1 for a random orientation, 

and TC is higher than 1 for a preferential orientation of the (hkl) plane. In order to 

analyze the degree of texture of each sample, the standard deviation  of all of the 

TC(hkl) values was also calculated according to the following equation [37]: 

 

   
               

   

 
                                                (3.4) 

 

A value of =0 indicates a completely random orientation and the higher the value of  

the higher the texture of the sample. 

The TC(hkl) curves as functions of (hkl) depicted in Fig. 3.5B shows that the 

addition of the additives influenced the texture components. Especially the intensity of 

the peak assigned to Zn (100) plane diminished and the one assigned to Zn (101) peak 

increased. This variation is more pronounced for the specimen obtained in the 

presence of DMSO. The histogram in the right portion of Fig. 3.5B displays the  value 

as function of specimen analyzed indicating that texture strength for zinc films is, in 

order, pure Zn > Zn+acetamide  Zn+dimethylacetamide > Zn+DMSO. The lattice 

constants of the zinc deposits did not varied with the electrolyte composition and were 

estimated to be a=b=2.66 Å and c=4.95 Å. 

The morphology of the zinc coatings on steel substrate was characterized by 

SEM, and the images obtained are depicted in Fig. 3.6. 

The images recorded showed that the zinc coating deposited on a steel 

substrate from a solution free of additives showed a homogenous deposit formed by 

nanoplatelet particles (Fig. 3.6A). Similar morphology was reported by Vieira et al [23] 

from ChCl-EG, on a copper substrate however, Chen et al [11] from protonated betaine 

bis((trifluoromethyl)sulfonyl)imide ionic liquid obtained a compact zinc deposit formed 

by hexagon-like crystals on a steel electrode.  

The addition of acetamide to the ionic liquid affected the morphology of the Zn 

deposit as shown in Fig. 3.6B. The image shows an irregular deposit with a cauliflower 

structure. In contrast, a uniform deposit formed by nanoplatelets with a hexagonal 

shape was obtained in the presence of dimethylacetamide. The addition of DMSO to 
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the ionic liquid did not originate major modifications on the morphology of the deposit. 

However, the deposit appears to be more compact when compared to the one obtained 

with the additive free solution. 

 

  

  

Fig. 3. 6 – SEM images of zinc deposits obtained potentiostatically on steel electrode 
at E = -1.50 V during 1800 s in A) 5.0x10-1 mol dm-3 of ZnCl2, B) 5.0x10-1 mol dm-3 of 
ZnCl2 + 5.0x10-2 mol dm-3 of acetamide, C) 5.0x10-1 mol dm-3 of ZnCl2 +  
5.0x10-2 mol dm-3 of dimethylacetamide, D) 5.0x10-1 mol dm-3 of ZnCl2 +  
5.0x10-2 mol dm-3 of DMSO. 

 

Fig. 3.7A shows the potentiodynamic polarization curves for Zn deposits on 

steel substrate using a 3% NaCl solution.  

The corrosion current density (Icorr) and corrosion potential (Ecorr) were 

calculated from the interception of the cathodic and anodic Tafel lines as illustrated in 

Fig. 3.7B. Among all of the zinc samples deposited from dimethylacetamide (C) and 

DMSO (D) have higher Ecorr values. The high Icorr obtained for the deposit obtained with 

dimethylacetamide could be related with the porosity of the deposit. From the corrosion 
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parameter values given in Table 3.1, the zinc coating obtained in the presence of 

DMSO has better corrosion resistance than the other samples. 

 

 

Fig. 3. 7 – A) Polarization studies of the Zn specimens using a 3% NaCl solution. The 
specimens analyzed were obtained from a ChCl-EG system containing 
5.0x10-1 mol dm-3 of ZnCl2 (a) and with 5.0x10-2 mol dm-3 of acetamide (b), 
5.0x10 -2 mol dm-3 of dimethylacetamide (c) and 5.0x10-2 mol dm-3 of DMSO (d) at 
40 °C; B) Illustration of the Tafel line extrapolation method to determine the 
electrochemical corrosion parameters. 
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Table 3. 1 – Corrosion parameters obtained from the polarization studies in 3% NaCl 
solution. 

Electrodeposited sample Ecorr (V) Icorr (µA cm-2) 

Pure Zn -1.04 6.57 

Zn with acetamide -1.09 5.39 

Zn with dimethylacetamide -1.02 1.83 

Zn with DMSO -1.02 1.30 

 

3.2. Summary 

The experimental results obtained are consistent with the previously data 

reported in the literature regarding the zinc reduction mechanism. The reduction of zinc 

only occurs on the reverse anodic scan that indicates the need for prior relaxation of 

the potential dependent layer formed at the electrode/DES interface. 

The voltammetric reduction of ZnCl2 from the DES containing 

dimethylacetamide is much different from the one obtained from the additive-free 

solution. In this electrolyte, the reduction of zinc is visible on the cathodic scan and 

therefore the reduction mechanism was modified by the presence of this additive. Also, 

the highest conductivity value was obtained after addition of 5.0x10-2 mol dm-3 of 

dimethylacetamide to the ChCl-EG solution. 

The dimensionless analysis shows that the deposition of zinc occurs through 3D 

progressive nucleation mechanism. 

Zinc coating formed on ChCl-EG was formed by thin platelets perpendicular 

disposed in relation to the electrode surface.   

In the presence of acetamide, the deposit obtained showed a “cauliflower” 

morphology. The addition of dimethylacetamide originates a deposit formed by smaller 

platelets with a hexagonal shape and the addition of DMSO originates a deposit formed 

by thin platelets. In both cases, the platelets are randomly disposed on the electrode 

surface. 

The potentiodynamic polarization experiments showed that the zinc coating 

obtained with DMSO was the most corrosion resistant coating when compared to the 

other samples. 
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4. Introduction 

The recent developments in the field of room temperature ionic liquids and/or 

eutectic-based ionic liquids redirects the attention of the researchers towards the 

development of alternative formulations for metal electrodeposition based on this new 

class of solvents. Ionic liquids (ILs) are labelled as green solvents and are considered 

as a viable alternative to the toxic baths used so far [1]. Their main advantages are the 

wide electrochemical potential window, the high solubility of metal salts, the absence of 

water and the high conductivity when compared to non-aqueous media [1]. The need of 

air and water-stable ionic liquids conduced to the synthesis of ionic liquid analogues 

called deep eutectic solvents (DES). They can be formed from eutectic mixtures of a 

quaternary ammonium salt such choline chloride (ChCl) with a hydrogen bond donor 

such ethylene glycol. DES have been used in the deposition of several metal films such 

as nickel [2, 3], nickel alloys [4, 5], zinc [6-10], tin [11] zinc-tin alloys [12, 13], silver [14], 

Co-Pt [15], Co-Sm [16], Cu [17]. 

The electrodeposition of metals is widely used to modify the properties of a 

given surface such as the improvement of the corrosion resistance. Cadmium is the 

metal generally used in protective coatings. However due to environmental constrains it 

must be replaced by non-toxic metals [18]. Zinc is extensively used as the basis of 

sacrificial coatings however, it has been reported that Zn alloys have better 

performance for anti-corrosion protection and is presently used as a replacement of Cd 

[19-21]. Different zinc alloys are being studied to improve Zn coatings. Among them the 

Zn-Ni alloy is the one that attract more attention due to the higher corrosion resistance 

and better mechanical characteristics when compared with other zinc alloys [20]. A few 

studies can be found in the literature reporting the electrodeposition of Zn-Ni alloy from 

DES based on a mixture of choline chloride and urea [4, 18]. Fashu et al [18] from their 

work found out that the lower value for Ecorr was obtained for the film deposited from 

the solution containing 0.4 M Zn-0.1 M Ni. In addition the deposition temperature 

influenced the corrosion protection where the lowest Ecorr was obtained for the film 

produced at 40 ºC. Nevertheless, and for both cases, to the lowest corrosion current 

density did not correspond the lowest corrosion potential, which was rationalized 

considering the presence of morphological defects. Using the ZnCl2:1-ethyl-3-

methylimidazolium chloride ionic liquid the Zn-Ni deposits obtained were rough and 

formed by nodules [22]. Despite the successful deposition of Zn-Ni films from DES/ILs 

the morphology of the deposits obtained are not satisfactory and needs to be improved. 

A method often used to improve the deposit morphology is by adding additives 

to the plating bath. The presence of which influences the physical and mechanical 
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properties of the electrodeposits such as grain size, brightness, internal stress, pitting 

and even chemical composition [23]. Several papers can be found in the literature 

discussing their effects and mechanisms and they can be roughly described as 

levellers, brighteners, wetting agents and structure modifiers [24-27]. Among the 

mechanisms involved, some additives can form a complex with the metal cation 

modifying the reduction potential, the nucleation process and ultimately changing the 

deposit morphology and properties. 

It is well known that amines, especially ethylamine (et) and ethylenediamine 

(EN), can be used to form nickel complexes [28-30] and it is well described in the 

literature that both et and EN coordinates with nickel through the NH2 lone pair and 

forms a Ni-Lx complex [31]. In the presence of ethylenediamine the nickel in solution is 

under the form of [Ni(ENn)3]
2+ which is characterized by the solution becoming purple 

[32]. Whereas [Ni(et)6]
2+ is the complex formed if ethylamine is added to the Ni2+ 

containing solution and is characterized by the solution becoming light green [33]. 

Similarly to what happens in aqueous solutions, it was reported [3] that the complex 

[Ni(EN)3]
2+ was formed after the addition of ethylenediamine to either ethylene glycol or 

urea based DES. Furthermore Abbott et al [3] concluded that, for a ratio of 1 NiCl2 : 3 

ethylenediamine, the deposit obtained was smooth and formed by small particles. 

Despite that, the vast number of works published and considering the large 

variety of these organic and non-organic substances, additives is still used in an 

empirical way. Moreover, the effects of these substances could be different depending 

on the substrate, metal ion, electrolyte nature and composition.  

In the present study, it is described the effect of adding ethylamine and 

ethylenediamine to the 1:2 choline chloride-ethylene glycol eutectic-based ionic liquid 

on the electrochemical profile of Zn-Ni and deposit morphology. The electrochemical 

reduction of the nickel and zinc ions was studied by cyclic voltammetry and the 

nucleation and growth was investigated by chronoamperometry. Deposits obtained 

were characterized by scanning electron microscopy and the corrosion behaviour of 

the deposits was evaluated. Moreover, it is demonstrated that the electrodeposition 

mechanism and the microstructure of the metallic films depends on the amine used.  

4.1. Results and discussion 

4.1.1. Cyclic voltammetry measurements 

Cyclic voltammograms of NiCl2, ZnCl2 and their mixture in ChCl-EG are 

compared in this section. Typical cyclic voltammograms obtained for the GC electrode 

in ChCl-EG with zinc and nickel separately at scan rate of 20 mV s-1 are shown in Fig. 
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4.1A. For the nickel solution, the voltammogram shows a cathodic peak at around -1.10 

V due to the reduction of Ni2+ to metallic nickel followed by a rapid increase in the 

current density due to the hydrogen evolution. The anodic branch shows two 

consecutive oxidation waves (a1 and a1’) peaked at -0.74 V and -0.08 V, respectively. 

The voltammogram recorded in a blank solution of ChCl-EG using a nickel electrode 

(result not shown) showed only one oxidation process peaked at -0.75 V. Thus, the 

peak a1 can be attributed to the oxidation of the bulk nickel deposit. Abbott et al [3] 

reported FABMS results from which he concluded that for the ChCl-EG solution 

containing NiCl2.6H2O the only ionic nickel specie in solution was [NiCl3]
-. Recently 

Hartley et al. [34] reported a more complex behaviour. The authors found out that the 

hydrogen bond donor plays an important role in coordination of nickel ions in solution. 

EXAFS data showed the formation of the cationic complex [Ni(eg)3]
2+ with ethylene 

glycol acting as a ligand. Considering the abovementioned, the existence of two 

oxidation processes may be related to the re-complexation of Ni with formation of two 

different Ni complexes. 

The voltammogram obtained for the zinc ion containing solution shows a 

cathodic peak at -1.34 V. As previously reported [10] the reduction peak of zinc only 

appears in the anodic scan and the oxidative process occurs with formation of one 

peak at -1.15 V.  

The voltammogram for ChCl-EG solution containing nickel and zinc depicted in 

Fig.4.1B shows two reduction waves peaked at -1.07 V and -1.42 V. Taking into 

account the data obtained for the individual metals these cathodic peaks can be 

assigned to the reduction of Ni2+ and Zn2+, respectively. Nevertheless, the reduction 

peak of zinc shifted negatively from -1.34 V in case of Zn-DES solution to -1.42 V in 

case of Zn-Ni-DES solution. This can be rationalized by taking into consideration that 

there is already metallic nickel on the electrode surface when Zn(II) starts to be 

reduced. Despite being negatively shifted, the reduction of Zn(II) leads to higher current 

densities when compared with the Zn-DES solution. On the anodic scan it is possible to 

observe one broad oxidation peak at -0.86 V and a smaller peak at -0.22 V. Reversing 

the scan and at more positive potentials (around the zinc reduction potential) it is 

possible to see that this broad peak is in fact the sum of two peaks as shown in Fig. 

4.1B blue line. One peak at -1.04 V due to the stripping of zinc and another at -0.74 V 

due to the stripping of bulk nickel and the peak at -0.22 V to the stripping of nickel. 

Furthermore, the oxidation of zinc shifts towards more positive potentials when 

compared to the stripping of pure zinc, which could indicate the existence of some 

interaction between zinc and nickel [4].  
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Fig. 4. 1 – Voltammograms for GC electrode at 20 mV s-1 at 40 ºC for A – ChCl-EG 
containing 1x10-1 mol dm-3 of NiCl2 (black dash line) and 4x10-1 mol dm-3 of ZnCl2 (red 
solid line); B – ChCl-EG containing 1x10-1 mol dm-3 of NiCl2 and 5x10-1 mol dm-3 of 
ZnCl2. The scan was reversed at -1.7 V (black solid line) and -1.46 V (blue dash line).  

 

The effect of additive concentration was evaluated using additive concentrations 

ranging from 0.1 to 0.3 M (results not shown). Experimental results shows that using an 

ethylenediamine concentration up to 0.2 M two cathodic processes were observed with 

a strong inhibition of the anodic processes. Using 0.3 M of ethylenediamine a sharp 
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cathodic peak is observed showing the typical nucleation crossover and a well-defined 

anodic peak. In the case of the ethylamine this effect was not so pronounced however, 

in order to have similar experimental conditions for the electrodeposition, we kept the 

same concentration as in the case of ethylenediamine (0.3 M). Fig. 4.2 shows the 

cyclic voltammograms obtained after adding the amine compounds to the plating bath 

and the addition of which had a pronounced effect on the voltammetric response of Ni2+ 

and Zn2+. 

 
Fig. 4. 2 – Voltammograms for GC electrode at 20 mV s-1 at 40 ºC for ChCl-EG 
solution  containing 4x10-1 mol dm-3 of ZnCl2 and 1x10-1 mol dm-3 of NiCl2 without 
additives (black line), with 3x10-1 mol dm-3 of ethylamine (dot blue line) and with 
3x10-1 mol dm-3 of ethylenediamine (dash red line). 

 

As expected the addition of ethylamine caused the color to change from green 

to light green indicating the formation of [Ni(et)6]
2+[33]. Electrochemical characterization 

of nickel (II) in the presence of ethylamine show a decrease in cathodic peak, which is 

a clear indication of the complex formation and a displacement of the nickel (II) 

reduction towards more cathodic potentials (results not shown). No evidence could be 

seen in the electrochemical regrading the zinc ion complexation by ethylamine, and a 

large increase in cathodic current was observed indicating that the presence of 

ethylamine promotes the deposition of zinc (results not shown). These findings are 

similar to what was described by Abbott et al [36] for zinc ion reduction in the presence 

of ethylenediamine. 

The onset of the reduction of Ni(II) shifts negatively in about 160 mV and it is no 

longer characterized by the formation of a peak, instead the current increases until Zn2+ 
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starts to reduce which forms a peak at -1.56 V, also possible to see is a shoulder 

at -1.4 V. This can be the result of the interaction between ZnCl2 and ethylamine which 

partially complexed the zinc in solution [35]. Stripping the deposit originates a broad 

oxidation wave peaked at -0.75 V. As stated before, this peak conceals the stripping 

peaks of zinc and nickel that become visible if the cathodic scan is reversed at less 

negative potentials.  

The addition of ethylenediamine caused the liquid colour to change from green 

to purple indicating the formation of the [Ni(EN)3]
2+ complex [32]. It has been reported 

that the presence of EN promoted the deposition of zinc and no evidences were found 

regarding the formation of a complex between en and zinc [36]. The cathodic scan 

reveals a very intense peak -1.49 V and the anodic counterpart at -0.64 V. In the 

presence of ethylenediamine it is not possible to distinguish between the reduction of 

zinc and nickel however if the scan was reversed in the early stages of the reduction 

peak – around -1.4 V – two oxidation peaks at -0.73 and -0.62 V were visible which can 

indicate that both zinc and nickel are being deposited simultaneously. It was reported 

elsewhere [3] that the addition of ethylenediamine decreases the nickel anodic 

response, moreover Yang et al [4] reported that the content of nickel on the deposit 

diminishes as the potential becomes more negative. 

It is, also visible in the voltammograms a crossover between the cathodic and 

the anodic scans either with or without amines, which indicates the existence of a 

nucleation phenomenon.  

 

4.1.2. Chronoamperometric results 

To study the Ni-Zn alloy nucleation/growth process, chronoamperometric 

experiments were performed by stepping the potential, from a value where none of the 

metals in solution is reduced, to progressively more negative potentials where 

nucleation can occur. Typical current-transients obtained from these experiments are 

depicted in Fig. 4.3.  

The general shape [4] of the current transients exhibits an initial current decay 

associated to the double-layer charging followed by a rising current associate with the 

formation and growth of the metallic nucleus until a current maximum is reached (jm) at 

time tm indicating that the nucleus begins to overlap and then the current decays. The 

transients obtained without additives, Fig. 4.3A, exhibits the typical shape described 

before however, after the current decay due to the overlapping of the nucleus, a 

second maximum is visible. These results can be rationalized considering that zinc 
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nucleus are being deposited on top of the first layer of nickel causing the second 

maximum visible on current-time curves. 

 

 
Fig. 4. 3 – Chronoamperograms of Zn-Ni deposition on GC electrode in ChCl-EG 
containing 4x10-1 mol dm-3 of ZnCl2 and 1x10-1 mol dm-3 of NiCl2, at 40 ºC and at 
different potentials with A) no additives, B) with 3x10-1 mol dm-3 ethylamine; C) with 
3x10-1 mol dm-3 ethylenediamine. The initial potential prior to each potential step was -
0.50 V. 
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(Fig. 4.3 cont.) 

 
Fig. 4. 3 – Chronoamperograms of Zn-Ni deposition on GC electrode in ChCl-EG 
containing 4x10-1 mol dm-3 of ZnCl2 and 1x10-1 mol dm-3 of NiCl2, at 40 ºC and at 
different potentials with A) no additives, B) with 3x10-1 mol dm-3 ethylamine; C) with 
3x10-1 mol dm-3 ethylenediamine. The initial potential prior to each potential step was -
0.50 V. 

 

The addition of ethylamine causes some modifications on the general shape of 

the current transient obtained for the Zn-Ni electrodeposition (Fig. 4.3B). For more 

negative potentials, there is one maximum in the current-time curves however as 

obtained without amines two maxima are visible in the current-time at less negative. 

The addition of ethylenediamine (Fig. 4.3C) to the plating bath changes the j-t 

profile. After stepping the potential, the current transient exhibits only one overlap 

process indicating that both zinc and nickel are being deposited simultaneously. 

Furthermore, it can be noticed that for less negative potentials, after the double-layer 

charging, a larger induction time is necessary before the current starts to increase.  

The nucleation mechanism is one of the variables that affects the metal/alloy 

deposition [4] and usually the deposition on foreign substrate occurs via three-

dimensional (3D) nucleation process [37]. To predict the behaviour of the experimental 

current transients and therefore the nucleation mechanism several theoretical models 

have been developed [38-45]. A suitable method is the one proposed by Scharifker and 

Hills (SH) [38] that considers two limiting cases, one called instantaneous nucleation 

(IN) and the other called progressive nucleation (PN). In the first case, all the nuclei are 
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formed immediately after the potential step, in the second case the nuclei formation is 

time dependent, i.e. the number of nuclei increases during the deposition process.  

The theoretical transients for IN or PN nucleation are given by Eq.4.1 and 4.2. 

IN – 3D                      
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PN – 3D                     
 

  
 
 
        

 

  
 
  

               
 

  
 
 
  

 

              Eq. 4.2 

The comparison between the experimental data with the theoretical curves 

obtained using Eq. 4.1 and Eq. 4.2 is depicted in Fig. 4.4.  

As shown in the previous figure the transients obtained using the additive-free 

solution presented two overlapping processes and therefore they were individually 

fitted. The first overlapping process follows the 3D instantaneous nucleation 

mechanism, nevertheless for t/tm >1 and as the potential became more negative, the 

experimental data deviates from the theoretical curves. This can be rationalized by 

taking into account that as the potential becomes more negative the reduction of zinc 

becomes more intense. Regarding the second overlapping process, it could not be 

described by any of the theoretical nucleation mechanisms. 

The transient obtained in the presence of ethylamine also showed two 

overlapping processes and the first one can be described using the 3D instantaneous 

nucleation model (Fig. 4.4B). Nevertheless, for t/tm > 2 the experimental wave deviates 

from the theoretical ones. Regarding the second overlapping process (Fig. 4.4C) it was 

not possible to identify a clear maximum in the current density for potentials less 

negatives than -1.5 V. Thus for potentials more negative than -1.5 V and for t/tm <1 the 

nucleation mechanism changes from 3D progressive to 3D instantaneous as the 

potential becomes more negative. For t/tm > 1 the experimental data deviates from the 

expected behaviour predicted by the theoretical mechanisms.  

The addition of ethylenediamine to the plating bath changes not only the j-t 

profile but also the nucleation mechanism of Zn-Ni alloy. According the comparison 

between the experimental data and the theoretical models depicted in Fig. 4.4D the 

deposition of Zn-Ni alloy in the presence of ethylenediamine follows the 3D progressive 

nucleation mechanism. This type of nucleation mechanism is typical of a deposit 

consisting by a small amount of one species inserted in a matrix of the other major 

species [4]. 
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Fig. 4. 4 – Comparison of the dimensionless experimental current-time transients with 
the theoretical models for three dimensional nucleation, A – without additives; B and C 
– with 3x10-1 mol dm-3 of ethylamine; D) with 3x10-1 mol dm-3 of ethylenediamine. 
Instantaneous nucleation (red dash line), progressive nucleation (blue solid line). 
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(Fig. 4.4 cont.) 

 

 
Fig. 4. 4 – Comparison of the dimensionless experimental current-time transients with 
the theoretical models for three dimensional nucleation, A – without additives; B and C 
– with 3x10-1 mol dm-3 of ethylamine; D) with 3x10-1 mol dm-3 of ethylenediamine. 
Instantaneous nucleation (red dash line), progressive nucleation (blue solid line). 

  

4.1.3. Corrosion behaviour of Zn-Ni alloy 

Corrosion resistance of the electrodeposits was evaluated in a 3 wt% NaCl 

solution by potentiodynamic polarization studies. The deposits were obtained by 

applying a potential of -1.6 V for 30 min. The deposit thickness was estimated to be 



Chapter IV – Electrodeposition of Zn-Ni alloy 

 

66 | P a g e  
 

~15 m for Zn-Ni deposit in the absence of additive and in the presence of ethylamine 

and ~30 m for the Ni-Zn deposit prepared in the presence of ethylenediamine. XRF 

analysis showed that the content of zinc in the deposit obtained without additives was 

about 94.9 % of Zn. The addition of the amines slightly increased the amount of nickel 

in the deposit. For the deposit obtained in the presence of ethylamine the amount of 

zinc in the deposit was about 93.2 and 93.9 % for the deposit obtained in the presence 

of ethylenediamine. The recorded potentiodynamic polarization curves for the Zn-Ni 

coatings on GC substrate electrodeposited from ChCl-EG with ethylamine or 

ethylenediamine are presented in Fig  4.5.  

 
Fig. 4. 5 – Potentiodynamic polarization curves for Zn-Ni alloy obtained (a) without 
additives, (b) with 3x10-1 mol dm-3 of ethylamine, (c) with 3x10-1 mol dm-3 of 
ethylenediamine. 

 

Various parameters such as corrosion potential (Ecorr) and corrosion current 

density (jcorr) calculated from the anodic and cathodic Tafel slopes (βa and βc) and 

polarization resistance are summarized in Table 4.1. The addition of amines to the 

plating bath improved the corrosion resistance of the deposits and the lowest value 

was obtained for the deposit produced using ethylenediamine. Regarding the corrosion 

current density it is also smaller for the deposits obtained using the amine-containing 

bath. However the lowest value for jcorr was obtained for the deposit produced using 

ethylamine. This result may be rationalized by considering a higher surface area of the 

deposit produced using ethylenediamine, which originates higher currents. 
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Table 4. 1 – Corrosion parameters from Tafel plots. 

Coating Ecorr (V/ CE(ChCl)) jcorr (nA cm− 2) βc (mV dec− 1) βa (mV dec− 1) Rp (MΩ cm2) 

Zn-Ni -1.047 17.16 212 28 20.29 
Zn-Ni+ 

ethylamine 
-1.023 10.22 168 24 10.11 

Zn-Ni+ 
ethylenediamine 

-0.992 16.85 77 14 28.09 

 

4.1.4. Morphological results 

The surface morphologies of the Zn-Ni deposits obtained using different bath 

compositions are illustrated in the Fig. 4.6.  

 

  

 

Fig. 4. 6 – SEM images of Zn-Ni deposits obtained potentiostatically on GC electrode 
at E = -1.60 V during 40 s in ChCl-EG with 1x10-1 mol dm-3 of NiCl2 and 4x10-1 mol dm-3 
of ZnCl2 A) without additives; B) with 3x10-1 mol dm-3 of ethylamine; C) with 3x10-1 mol 
dm-3 of ethylenediamine. 

 

The deposit obtained using the additive-free solution (Fig. 4.6A) did not covered 

the entire surface of the electrode and it was formed by small crystallites without a 

defined shape. For comparison the few studies found in the literature on 

A B 

C 
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electrodeposition of Zn-Ni from either ILs [22] or DES [4, 18] reported the deposition of 

rough, cracked and in some cases poor adherent deposits. Upon the addition of 

amines to the plating bath, a uniform and crack-free Zn-Ni deposit covered the entire 

electrode surface. Particularly the presence of ethylamine the deposit appears to be 

compact and formed by small spherical crystals (Fig. 4.6B) whereas in the presence of 

ethylenediamine it was formed by small hexagonal platelets (Fig. 4.6C). The EDX 

analysis showed that all deposits are constituted by zinc and nickel but much richer in 

zinc than in nickel thus the anomalous co-deposition of Zn-Ni must be consider. 

 

4.2. Summary 

The effect of the addition of ethylamine and ethylenediamine on the electrodeposition 

of Zn-Ni alloy was investigated in ChCl-EG. The results showed that the reduction of 

nickel(II) to metallic nickel and zinc(II) to metallic zinc on a GC electrode was separated 

by 350 mV. The addition of ethylamine shifted negatively the reduction potential of 

Ni(II). In presence of ethylenediamine the reduction of both metals occurred almost at 

the same potential. Analysis of the current-time transients indicated that the 

electrodeposition mechanism of Zn-Ni alloy was not clearly defined even after the 

addition of ethylamine. Addition of ethylenediamine modifies not only the current-time 

transient shape but also the nucleation mechanism. Potentiodynamic polarization 

analysis reveal that Zn-Ni alloy obtained with ethylenediamine has the higher corrosion 

resistance nevertheless, the results revealed some degree of porosity of the deposit. 

The surface coverage was significantly improved after adding the amines to the plating 

bath. The surface morphology of the deposit obtained from ethylamine was compact 

with small spherical crystals or with small hexagonal platelets if obtained from 

ethylenediamine. 
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5. Introduction 

Metallic manganese is an important alloying component to prepare alloys of 

great technological relevance such as Mn-Zn, Mn-Ni, Mn-Co and Mn-Sn. The 

electrodeposition of manganese is mainly studied using aqueous ammonium sulphate 

media. Side reactions are one of the major problems of using aqueous solutions for 

metal electrodeposition. Due to the very negative standard potential (E0(Mn2+/Mn) = -

1.421 vs. (SCE)) [1], the hydrogen evolution reaction always accompanies the 

manganese electrodeposition in aqueous solutions. Also, Se is commonly used as 

additive in the majority of the baths used to obtain Mn coatings, which make them toxic 

[2].  

Ionic liquids are considered a good solvent for metal electrodeposition due to 

their properties and to the possibility of avoiding the hydrogen evolution reaction [3]. 

The electrodeposition of Mn [4] and Mn-Zn [5, 6] from ionic liquids have been reported.  

Chang et al. [4] obtained an amorphous manganese film composed of spherical 

particles of about 400 nm of diameter from butylmethylpyrrolidinium 

bis(trifluoromethylsulfony) imide (BMP-Tf2N) ionic liquid. The deposit became fibrous 

and less uniform with increasing the temperature or the deposition potential. 

Chen et al. [5], using the tri-1-butylmethylammonium bis((trifluoromethane) 

sulfonyl) imide ionic liquid obtained a compact, adherent and amorphous Mn-Zn 

coating, mainly formed by spherical grains. The amount of Mn in the alloy varied 

between 69 to 21 a/o and was mainly affected by the Mn(II)/Zn(II) concentration ratio in 

the ionic liquid. Nevertheless, the deposition conditions (deposition potential, 

temperature, metal salts concentration) can modify the morphology and composition of 

the resultant film. This was demonstrated by the work of Marín-Sánchez et al. [6]. The 

authors showed that the morphology and composition of the Mn-Zn deposits were 

highly dependent on the electrodeposition potential and metal ion concentration in 

solution. For molar ratios of Zn/Mn of 1:1 and 1:2, the elemental composition of the 

alloy was almost independent of the applied potential. Increasing the molar ratio of 

Zn/Mn to 1:3 the amount of Mn in the alloy increased and it was highly influenced by 

the applied potential. The deposits obtained were homogeneous and formed by 

globular particles, regardless the experimental conditions used.  

Even though these aprotic ionic liquids can be considered a good solvent for 

metal electrodeposition, they are still very expensive. Deep eutectic solvents and the 

ionic liquids that has been used for metal electrodeposition have similar properties [7].   

Fashu et al. [8] studied the electrodeposition of Zn-Mn alloy from the eutectic 

mixture ChCl-U. The results showed that the electrodeposition potential and Mn(II) 
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concentration significantly affects the Mn content, crystal structure and morphology.  

Increasing the Mn(II) concentration the deposit became finer, rough and porous. 

Guo et al.[9] investigated the effect of glycine on the composition, 

microstructure and properties of the Ni-Mn film obtained from the eutectic mixture 

between choline chloride and urea. They found out that increasing the concentration of 

glycine and current density the amount of Mn in the deposit increased up to a 

maximum of 9.4 at.%.  

The aim of this work was to study the electrodeposition of Mn and Mn-Sn from 

two different deep eutectic solvents, namely the eutectic mixture between choline 

chloride and urea or ethylene glycol, denoted as ChCl-U and ChCl-EG respectively. 

The morphology, phase structure and composition of the resulting coatings are 

evaluated and correlated with the amount of tin incorporated in the deposit. 

5.1. Results and discussion 

5.1.1. Manganese electrodeposition 

Manganese based DES was prepared by dissolving the manganese chloride in 

either ChCl-EG 1:2 or in ChCl-U 1:2. The liquids were clear and yellow due to the 

manganese salt. Fig. 5.1(A) and (B) shows the cyclic voltammogram measured at 50 

mVs-1 on a Ni electrode immersed in ChCl mixtures with ethylene glycol and urea, 

respectively.  

 

Fig. 5. 1 – (A) Cyclic voltammogram at 50 mVs-1 for a Ni electrode immersed in ChCl-
EG, at 90 ºC containing 1 M MnCl2.4H2O; (B) Cyclic voltammogram at 50 mVs-1 for a Ni 
electrode immersed in ChCl-U, at 90 ºC containing 1 M MnCl2.4H2O. 
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(Fig.5.1 cont.) 

 

Fig. 5. 1 – (A) Cyclic voltammogram at 50 mVs-1 for a Ni electrode immersed in ChCl-
EG, at 90 ºC containing 1 M MnCl2.4H2O; (B) Cyclic voltammogram at 50 mVs-1 for a Ni 
electrode immersed in ChCl-U, at 90 ºC containing 1 M MnCl2.4H2O. 
 

Either the voltammograms recorded in EG or urea system, without the addition 

of the metal salts showed a drastic increase in the current for potentials more negative 

than -1.3 V. This is due to the liberation of gas on the counter electrode. An oxidation 

peak at about -0.65 V as result of the oxidation of the Ni substrate was observed on the 

voltammogram recorded using the EG system.   

The voltammogram recorded upon addition of the manganese salt to EG 

system showed a reduction peak at about -1.5 V assignable to the reduction of Mn. 

During the reverse sweep, no obvious anodic process could be observed. This suggest 

that within the potential window the Mn film formed during the cathodic scan cannot be 

re-oxidized.  

The voltammogram recorded in the ChCl-U mixture containing 1 M Mn shows 

three cathodic processes at -0.8, -1.2 and -1.7 V, labelled as C1, C2 and C3 

respectively. Reversing the scan, no obvious stripping process could be observed 

regarding the oxidation of the manganese deposited. 

Comparing the voltammograms obtained in the EG and urea systems a 

significant difference is observed. The reduction peak potentials for manganese are 

different in the EG and urea -based liquids (-1.5 V and -1.7 V, respectively). Although 
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the viscosity and resistance of the DES used are not similar to each other, which could 

explain the displacement in reduction peak potentials, the voltammetric profiles are 

significantly different. Hartley et al. [10] studied the speciation of metal salts dissolved 

in DES and they showed that the metal speciation was determined by the DES used. 

For the EG -based system they proposed the formation of [MnCl4]
2–, whereas for the 

urea -based system the [Mn(U)6]
2+ was proposed as the predominant manganese 

specie. Urea will act as a stronger ligand than EG [11] and thus forming a more stable 

complex, which will shift the reduction of manganese towards more negative potentials. 

Moreover, it was reported the existence of more than one signal in the EXAFS data for 

the urea -based DES containing manganese salt. This suggests the existence of more 

than one manganese specie in solution. In this way, the cathodic processes C2 and C1 

may be the reduction of manganese from different manganese species. 

The absence of an anodic process on the CV for Mn/Mn(II) has been reported 

[6, 8, 12]. The authors attributed the lack of a stripping peak to the instability of the 

manganese deposits, which are readily oxidized in the DES used. A Mn electrode was 

used to investigate the possibility to oxidize this metal in the DES used. The CVs 

recorded in neat DES, using a Mn electrode, were initially scanned in the anodic 

direction from the open-circuit potential. An oxidation peak was obtained at about -0.76 

V for the Urea based DES and at -0.68 V for the ethylene glycol based DES (results 

not shown). These results showed that Mn can be oxidized in either EG and urea 

systems, however it is not a straightforward process taking into account that the 

oxidation peak is only obtained upon reversing the scan. Considering these results, the 

re-oxidation of the Mn deposited in nickel substrate can be slow and kinetically 

hindered leading to the absence of an anodic process [13, 14].  

A group of current-time transients was recorded in order to have a more 

insightful understanding of the initial stage of Mn electrodeposition process on a Ni 

surface. The current-time transients were obtained by stepping the potential of the 

working electrode to a region where the reduction of manganese occurs.  

As shown in Fig. 6.2(A) and (B), and for each step, the typical current 

maximum, im, is reached at a time of tm. The im increase while tm diminishes with 

increasing the applied potential. Using urea as hydrogen bond donor (denoted as HBD) 

the im and tm are smaller when compared with the values obtained using the EG 

system. Furthermore, in the case of the transients obtained in the EG system and for 

more negative potentials it is noticed the increase of noise which can be caused by 

hydrogen liberation during the formation of manganese film on the electrode surface.  
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Fig. 5. 2 – Experimental current–time transients for: (A) 1 M MnCl2.4H2O in ChCl-EG 

DES; (b) 1 M MnCl2.4H2O  in ChCl-U DES at Ni electrode. Temperature is 90 C. 

 

The nucleation mechanism is one of the variables that affects the metal 

deposition [15] and usually the deposition on foreign substrate occurs via three-

dimensional (3D) nucleation process [16]. To predict the behaviour of the experimental 

current transients and therefore to identify the nucleation mechanism, several 

theoretical models have been developed [17-24]. The current-time transients were 
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analysed according to Scharifker and Mostany model [18] which describes the current 

density according to the following equation: 

        (5.2) 

where k = (8πM/ρ)1/2, zF the molar charge transferred during electrodeposition 

(C mol−1), D the diffusion coefficient (cm2 s−1), c the concentration of the metal ions in 

solution, M the atomic weight (g mol−1), ρ density of the deposit (g cm−3), N0 is density 

of active sites (cm−2) and A is the nucleation rate (s−1).  

The initial decay of the current density is associated with the double layer 

charge process and can be described by a Langmuir-type adsorption-desorption 

equilibrium [25] given by the following equation:  

jDL = K1 exp(-K2t)                                                 (5.3) 

where K1 = E/Rs, K2 = 1/RsC, E represents the applied potential throughout the 

perturbations, Rs is the solution's resistance, C the double layer capacitance.  

Whereby the overall current density is described by: 

jtotal = jDL+jSM                                                                                   (5.4) 

Fig. 5.3(A) and (B) shows the non-linear fitting of the experimental current-time 

transient obtained with EG and urea eutectic mixture, respectively, using equation 5.4.  

 

 

Fig. 5. 3 – Fitting of the experimental current-time transients derived from the 
chronoamperometric experiments for: (A) 1 M MnCl2.4H2O in ChCl-EG DES; (b) 1 M 
MnCl2.4H2O in ChCl-U DES at Ni electrode. Temperature is 90 ºC. 
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(Fig. 5.3 cont.) 

 

Fig. 5. 3 – Fitting of the experimental current-time transients derived from the 
chronoamperometric experiments for: (A) 1 M MnCl2.4H2O in ChCl-EG DES; (b) 1 M 
MnCl2.4H2O in ChCl-U DES at Ni electrode. Temperature is 90 ºC. 

 

It can be seen that the theoretical model proposed can describe the initial stage 

of Mn deposition taking into consideration the good fitting of the experimental data. The 

nucleation parameters (nucleation rate and number of active sites) obtained from the 

fittings of the data are summarized in Table 5.1. The values of No and A increased with 

increasing the applied potential. The analysis of the values obtained for No showed that 

no significant differences could be observed between the EG and the urea systems. 

However, compared to the EG system the values obtained for the nucleation rate are a 

few orders of magnitude higher for the urea based DES.  

 

Table 5. 1 – Nucleation and growth properties obtained from the fitting of the 
experimental current-time transients depicted in Fig. 6.2. 

 ChCl-EG  ChCl-U 

E / V -1.70 -1.65 -1.60 -1.55 -1.50  -1.75 -1.70 -1.65 -1.60 

No / cm-2 587.9 457.9 315.1 211.9 142.1  338.5 323.6 215.1 122.4 

A / s-1 0.78 0.58 0.56 0.47 0.42  33472 3257 270.4 168.6 
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The electrodeposition of Mn on a nickel substrate was performed by 

potentiostatic electrolysis at -1.7 V and 90 ºC for 10 min. A dark brown and powdery 

deposit was obtained regardless the HBD used. The Mn deposits obtained were easily 

oxidized when they were exposed to oxygen, forming a dark oxide layer [12]. XRD 

analysis of the Mn deposits did not reveal any diffraction patterns assignable to a 

metallic manganese or to manganese oxide. These results indicate that the Mn 

deposits obtained were amorphous. The deposition of an amorphous Mn film was 

reported by Chang et al. [4]. The deposits obtained using butylmethylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide ionic liquid were amorphous regardless the deposition 

conditions (temperature or potential used).  

Fig. 5.4(A) and (B) shows the SEM images of the deposits obtained after a 

potentiostatic deposition using ChCl-EG and ChCl-U systems, respectively.  

 

  
Fig. 5. 4 – Surface morphologies of the Mn films electrodeposited from (A) ChCl-EG 
system containing 1 M MnCl2.4H2O at -1.7 V during 10 min at 90ºC; (B) ChCl-U system 
containing 1 M MnCl2.4H2O at -1.8 V during 10 min at 90ºC. 

 

SEM images evidenced a non-uniform deposit with a fibrous structure. It is 

important to notice, that despite being cracked, the Mn film cover the entire substrate. 

The cracks visible may be caused by the internal stress due to the high deposition 

temperature. Similar fibrous structure was reported by Chang et al. [4] for the deposits 

obtained at temperatures higher than 90 ºC.  

 

5.1.2. Manganese-tin alloy electrodeposition 

Ionic solvents systems based on EG and urea containing 1 M of manganese 

salt and 0.05 M of tin salt were synthesized as plating baths. The mixtures were clear 

and light yellow due to the presence of manganese salts.  
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Fig. 5. 5 – Cyclic voltammograms of 0.05 M SnCl2 (red line), 1 M MnCl2.4H2O (green 
line) and the mixture of 0.05 M SnCl2 + 1 M MnCl2.4H2O recorded using Ni electrode in: 
(A) ChCl-EG DES and in (B) ChCl-U. Temperature, 90 ºC; scan rate, 50 mV s−1. 

 

Fig. 5.5A presents the voltammograms recorded in ChCl-EG system at 90 ºC 

and 50 mVs-1 for Sn(II)/Sn and Mn(II)/Mn single couples, as well as for the 

deposition/dissolution processes in the presence of Mn(II) and Sn(II) ions. The 

voltammogram for the Sn(II)/Sn displays a single reduction peak on the cathodic scan 

at -0.66 V (c1 peak), which can be assigned to the reduction of tin. Reversing the 
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direction of the scan, two oxidation peaks (a4 and a5) were observed at about -0.51 V 

and -0.14 V, respectively. The first peak can be assigned to the re-oxidation of the tin 

deposited. A glassy carbon electrode was used to discern if the second peak is the 

result of the interaction of the deposited tin and the nickel substrate. The 

voltammograms obtained using a glassy carbon electrode also showed two oxidation 

peaks. The more anodic peak is obtained even if the scan was initially scanned in the 

anodic direction from the open-circuit potential. Furthermore, the intensity of this peak 

is directly proportional to the concentration of tin in solution. The results obtained 

suggest that the peak a5 is due to the oxidation of Sn(II) to Sn(IV) (results not shown). 

When both metals are present in solution the anodic branch is relatively more 

complex. As shown in Fig. 5.5A several anodic processes (a1, a2, a3, a4 and a5) peaked 

at -1.22, -0.91, -0.77, -0.46 and -0.12 V are visible. These anodic processes may be 

ascribed to the successive oxidation of pure manganese and/or of different Mn-Sn 

intermetallic phases (a1, a2 and a3 peaks) and to the oxidation of tin (a4 and a5 peaks).  

Fig. 5.5B shows the voltammograms recorded in ChCl-U system at 90 ºC and  

50 mVs-1 for Sn(II)/Sn and Mn(II)/Mn single couples, as well as for the 

deposition/dissolution processes in the presence of Mn(II) and Sn(II) ions. When two 

metallic ions, Sn(II) and Mn(II), are present in solution the voltammogram is more 

complex. Three cathodic processes can be observed at -1.72, -1.57 and -0.70 V, 

respectively c1, c2 and c3. Peak c1 can be assigned to the reduction of Sn(II) to Sn 

followed by the deposition of a Sn-rich alloy (peak c2). Mn is deposited not only on Sn 

(peak c2) but also in a large part on the Ni substrate, originating peak c3. Reversing the 

scan it can be seen three successive anodic peaks at -1.23, -0.56 and -0.43 V, a1, a2 

and a3 respectively. These anodic processes can be assigned to the manganese 

dissolution (a1 peak), tin dissolution (a2 peak) and dissolution of Sn-rich alloy (a3 peak). 

Adherent Mn-Sn deposits were obtained from either ChCl-EG or ChCl-U 

systems at 90 ºC. Fig. 5.6 compares the surface morphology of the Mn-Sn films 

obtained from the ChCl-EG system with different concentrations of Sn(II) ions. Clearly, 

the morphology of the Mn-Sn deposits remarkably changes with respect to the amount 

of tin in the deposit, which varied from 33 to 59 wt%.  
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Fig. 5. 6 – Surface morphologies of the Mn-Sn films electrodeposited on a nickel 
substrate from ChCl-EG with 1 M MnCl2.4H2O and with (A) 0.05; (B) 0.1; (C) 0.2 M 
SnCl2 at -1.7 V and 90 ºC.  

 
The deposit with the lowest amount of tin is irregular and formed by circular 

particles on top of which particles of tin with different shapes are visible. Increasing the 

amount of tin the deposit became more uniform and formed by particles without a 

defined shape.  

The topography of the Mn-Sn coatings were analysed by a profilometer. Fig. 5.7 

show a typical data set of profilometer images (100 µm x 100 µm). 

The topography image showed the irregular nature of the surface in accordance 

with the SEM images. Furthermore, these data showed that the average roughness 

(Ra) and the root mean square (RMS) roughness diminished as the amount of tin in in 

the deposit increased. Table 5.2 summarizes the values of Ra and RMS roughness 

obtained for the investigated deposited areas and the deposit composition.  
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Fig. 5. 7 – Topography images of the Mn-Sn films electrodeposited on a nickel 
substrate from ChCl-EG with 1 M MnCl2.4H2O and with (A) 0.05; (B) 0.1; (C) 0.2 M 
SnCl2 at -1.7 V and 90 ºC.  

Table 5. 2 – Chemical composition and surface roughness values of Mn-Sn coatings 
as a function of bath composition. 

DES Bath composition wt% Mn wt% Sn Ra (nm) RMS(nm) 

ChCl-

EG 

1 M MnCl2.4H2O + 0.05 SnCl2 66.8 33.2 3700 4691 

1 M MnCl2.4H2O + 0.1 SnCl2 56.1 43.9 3151 4070 

1 M MnCl2.4H2O + 0.2 SnCl2 41.0 59.0 1198 1508 

ChCl-U 

1 M MnCl2.4H2O + 0.05 SnCl2 98.2 1.8 787 1089 

1 M MnCl2.4H2O + 0.1 SnCl2 93.3 6.7 1172 1373 

1 M MnCl2.4H2O + 0.2 SnCl2 94.2 5.8 792 989 

 

Phase structure of the prepared Mn-Sn films using ChCl-EG system was 

studied by XRD and the diffraction patterns obtained are represented in Fig. 5.8.  

The sharp diffraction patterns obtained suggest the good crystallinity of the 

deposit. Different MnxSny intermetallic compounds were detected. Furthermore, 

diffraction signals assignable to the crystal structure of tin indexed as (200), (101), 

(211), (212) and (321) planes were detected. Based on the above observation, the 

coatings obtained were formed by tin and a mixture of different Mn-Sn intermetallic 

compounds. As the amount of tin in the deposit increased, the intensity of the 

diffraction peaks decreases and gradually sharpens. We also found out that the ratio of 

Mn/Sn in the deposit affects the crystallite size. However, it was not evidenced a clear 

relationship between the crystal size and the amount of tin in the deposit. Using 

      

A B 

 

C 
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Scherrer equation to calculate the crystal size we obtained average values of 8.5, 22.6 

and 9.4 nm for deposits composed by 66.8 wt% Mn – 33.2 wt% Sn, 55.1 wt% Mn – 

43.9 wt% Sn and 41 wt% Mn – 59 wt% Sn, respectively. 

 

Fig. 5. 8 – XRD patterns of Mn-Sn coatings electrodeposited on nickel substrate at -1.7 
V from ChCl-EG system at 90 ºC as a function of metal composition (deposition time 
10 min). 

 

SEM images of the Mn-Sn coatings obtained from the ChCl-U eutectic mixture 

are depicted in Fig. 5.9.  

  

Fig. 5. 9 – Surface morphologies of the Mn-Sn films electrodeposited on a nickel 
substrate from ChCl-U with 1 M MnCl2.4H2O and with (A) 0.05; (B) 0.1; (C) 0.2 M SnCl2 

at -1.8 V and 90 ºC. 
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(Fig. 5.9 cont.) 

 

Fig. 5. 9 – Surface morphologies of the Mn-Sn films electrodeposited on a nickel 
substrate from ChCl-U with 1 M MnCl2.4H2O and with (A) 0.05; (B) 0.1; (C) 0.2 M SnCl2 

at -1.8 V and 90 ºC. 

 

As it can be seen, the deposit is formed by agglomerates of globular particles. 

The morphology remains unchanged with respect to the amount of tin incorporated in 

the deposit. Furthermore, the amount of Sn incorporated in the film was never higher 

than 6.7 wt%. This is an unexpected result because even though the amount the 

concentration of Mn in solution is much higher than the concentration of Sn, Sn is 

easier than Mn to be reduced to metal state. 

Topography images obtained with a profilometer (100 µm x 100 µm) are 

displayed in Fig. 5.10.  

The data obtained show that the surface topography was not significantly 

affected by the Mn/Sn ratio. In addition, the roughness and the root mean square 

roughness was not influence by the deposit composition. It was obtained an average 

value of 917 nm for Ra and 1150 nm for RMS. The values obtained for these 

parameters are summarized in Table 5.2. 

Compared to the EG-based system the values obtained for Ra and RMS were 

smaller for the films prepared with ChCl-U system. This indicates that U-based DES 

originates a more uniform coating. Even though, the amount of Sn incorporated in the 

deposits is limited to a maximum of about 7 wt% regardless the bath the composition. 

In contrast with the EG-based system where the film composition can be adjusted 

simply by modifying the Sn/Mn ratio in solution.  
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Fig. 5. 10 – Topography images of the Mn-Sn films electrodeposited on a nickel 
substrate from ChCl-U with 1 M MnCl2.4H2O  and with (A) 0.05; (B) 0.1; (C) 0.2 M 
SnCl2 at -1.8 V and 90 ºC. 

 

Phase structure of the Mn-Sn coatings obtained from the ChCl-U system was 

evaluated by XRD and the diffraction patterns obtained are represented in Fig. 5.11. 

 

Fig. 5. 11 – XRD patterns of Mn-Sn coatings electrodeposited on nickel substrate at -
1.8 V from ChCl-U system at 90 ºC as a function of metal composition (deposition time  
10 min). 

  

A B 

 

C 



Chapter V – Electrodeposition of Mn and Mn-Sn alloy 

 

88 | P a g e  
 

Based on the XRD analysis, diffractions peaks assignable to different Mnx-Sny 

intermetallic forms could be observed. For example, and in the case of the sample with  

94 wt% Mn – 6 wt% Sn, the intermetallic forms Mn8Sn5 indexed as (202), (212) planes, 

Mn3Sn2 indexed as (112), (212) and (213) planes, MnSn2 indexed as (211), (321) and 

(521) planes and Mn3Sn indexed as (104) plane were identified. In addition, diffraction 

peaks assignable to Sn indexed as (200), (101), (212) and (321) planes were detected. 

The crystallite size was not affected by the amount of tin in solution. Using Scherrer 

equation we obtained an average crystallite size of 3.62 nm for the samples prepared 

using ChCl-U. 

Compared to EG-based system the number of different Mn-Sn intermetallic 

phases obtained are the same. Either the coatings obtained from EG or U-based 

systems were formed by the intermetallic phases MnSn2, Mn3Sn and Mn3Sn2. 

However, Mn2Sn was only detected on the films prepared using ChCl-EG and Mn8Sn5 

only in the films prepared with ChCl-U. 

 

5.2. Summary 

Based on the experimental results obtained, it is possible to deposit Mn and  

Mn-Sn alloy films from choline chloride-based ionic solvents. 

The cyclic voltammograms of Mn(II) couple recorded on Ni electrode in both 

ChCl-EG and ChCl-U ionic liquids evidence a single cathodic peak ascribed to the Mn 

deposition. Powdery, fibrous and amorphous Mn coatings were electrodeposited onto 

Ni substrates from ChCl-EG and ChCl-U ionic liquids.  

Low content of the Sn on the deposits obtained from ChCl-U can be the 

consequence of the differences in the manganese and tin complexes or a 

consequence of hindrance of Sn deposition. 

The voltammograms recorded in the simultaneous presence of Mn(II) and Sn(II) 

evidence a more complex cathodic and anodic branches. In the case of ChCl-EG a 

single cathodic process assigned to Sn deposition was evidenced. However, in the 

anodic branch, three oxidation peaks assigned to dissolution of Mn, Sn and Mn-Sn 

alloy were identified. In the case of ChCl-U system, three cathodic/anodic peaks 

assigned to the deposition and dissolution of Sn, Mn and Mn-Sn alloy were evidenced. 

Mn-Sn alloy coatings were successfully deposited from both ChCl-EG and 

ChCl-U DESs and they were characterized as adherent and uniform. The morphology 

and composition of the Mn-Sn deposits obtained from ChCl-EG depends on the Mn/Sn 

ratio in solution. In the ChCl-U system, the morphology and alloy composition seems to 

be almost independent of the bath composition. XRD analysis revealed the formation of 

an alloy coating composed of crystalline tin and several intermetallic MnxSny phases. 
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6. Introduction  

Metallic alloys, such as Co-Sn are of great importance due to their wide range 

of applications, namely in the preparation of anticorrosion coatings [1, 2], electrode 

material for batteries [3, 4], etc. Hydrogen evolution, the need of using complexing 

agents or the toxic nature of the electroplating baths poses serious limitations of using 

aqueous solutions [4-6]. 

Deep eutectic solvents (denoted as DES) are a type of ionic liquids formed 

between a eutectic mixture of a quaternary ammonium salt and a hydrogen bond 

donor, such as carboxylic acids, glycols or amides [7, 8]. DESs share with ionic liquids 

most of their properties (e.g., they are nontoxic, have high solubility of metal salts, and 

have wide electrochemical window) without being very expensive or moisture sensitive 

[7, 9, 10] and they have been successfully used to electrodeposit metals [11]. 

Two different DESs based on a mixture of choline chloride with ethylene glycol 

or urea have been used to electrodeposit Co-Sn or Co [1, 12-16]. Cojocaru et al [13] 

showed that the morphology of the cobalt deposits obtained was influenced by the 

nature of the electrolyte used. Nevertheless, both ChCl-EG and ChCl-urea mixtures 

originated smooth, adherent and uniform deposits. Li et al [16] investigated the effect of 

the temperature and deposition potential on the electrodeposition of cobalt from ChCl-

urea. The authors showed that uniform, dense, and compact deposits were obtained at 

low potentials and using temperatures up to 99 ºC. Zhang et al [1] showed that the 

properties of the Co-Sn deposit were highly dependent on the temperature and 

deposition potential. The morphologies of the deposits obtained changed from large 

and regular particles at   -0.8 V and 75 ºC to a self-organized double layer structure at -

1.2 V and 75 ºC. 

Although there are works published dealing with the deposition of Co-Sn alloy 

from DES, a systematic study about the influence of the Co/Sn ratio on the properties 

of the deposit is missing. The aim of this work was to investigate the electrodeposition 

of Co-Sn alloy from two different DESs based on choline chloride namely, ChCl-EG 

and ChCl-urea with different Co/Sn ratios. A vibrating sample magnetometer (VSM) 

was used to evaluate the magnetic properties of the samples obtained, their 

microstructure was observed by X-ray diffraction (XRD) and scanning electron 

microscopy (SEM). Their corrosion resistance was evaluated by linear polarization. 
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6.1. Results and discussion 

Cyclic voltammograms of pure DES, Co, Sn and Co-Sn mixtures dissolved in 

DES were recorded at a scan rate of 5 mV s-1 on a copper electrode and they are 

depicted in Fig. 6.1. 

 

 

Fig. 6. 1 – Cyclic voltammograms of pure DES, 1 M CoCl2, 0.1 M SnCl2, and 1 M 

CoCl2+0.1 M SnCl2 performed at 75 C and the scan rate is 5 mV s-1 in A: EG -based 
DES and B: urea -based DES. 

Fig. 6.1A shows the cyclic voltammograms recorded for the EG based DES and 

the voltammogram of pure DES exhibits a cathodic process at -0.44 V assignable to 

the electrolyte decomposition [17]. The cyclic voltammograms for Co and Sn exhibit a 
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single reduction process and their corresponding reduction peak potential is -1.38 V 

and -0.68 V, respectively. The stripping process for Co and Sn occurs at around 0.03 V 

and -0.43 V, respectively. The electrochemical response for Co-Sn mixture is 

significantly different when compared with the response of the individual metal ions. 

Separate reduction peaks for Co and Sn were observed. However, the onset of the 

reduction of Sn(II) was positively displaced to -0.58 V. The reduction peak for Co(II) 

was positively shifted to -1.15 V and a small peak at -0.82 V was observed. This may 

be attributed to either the codeposition of Sn or the deposition of Co on a fresh Sn film. 

The anodic scan only displays a small peak around -0.07 V and no stripping process 

for Sn or Co oxidation is observed, suggesting the formation of an alloy phase [1]. 

Fig. 6.1B shows the cyclic voltammograms recorded for the urea based DES. 

Similar to what was observed for the EG based DES the voltammogram in Fig. 6.1B 

exhibits a cathodic process around -0.4 V. The cyclic voltammograms for Co and Sn 

exhibit a single cathodic process and their corresponding peak potential is -1.22 V and 

-0.65 V, respectively. Reversing the direction of the scan was observed one stripping 

process at -0.45 V and at -0.2 V assignable to the oxidation of Sn and Co, respectively. 

The voltammogram recorded in the simultaneous presence of Co and Sn is 

significantly different when compared to the electrochemical response of the individual 

metals. The individual reduction assignable to the reduction of Sn(II) and Co(II) can be 

observed at -0.65 V and -1.11 V, respectively. Furthermore, a small peak was 

observed around -0.80 V, which can be assigned either to, the codeposition of Sn or to 

the deposition of Co on the previously deposited tin. Reversing the scan, a broad 

oxidation wave was obtained with the onset at about -0.40 V. However, no obvious 

stripping process regarding to the oxidation of Sn or Co was obtained, which suggests 

the formation of a single alloy phase. The major difference between the 

electrochemical responses obtained in either EG and urea based DES is the peak 

potential obtained for the redox process assigned to Co, which is more positive for the 

urea based DES. This suggests that the metal speciation might not be the same in EG 

and urea based DES. Jennifer et al [18] studied the metal speciation in DES and 

proposed that for the case of EG based DES the predominant cobalt species is 

[CoCl4]
2– whereas [CoCl3(urea)]− is the predominant species in the urea -based DES. 

To assess the effect of the presence of tin in the characteristics of the deposits 

a group of samples were prepared using electrolytes with different metal 

concentrations, as summarized in Table 6.1. Fig. 6.2 shows the SEM images obtained 

and the composition given by the EDX analysis for the deposits obtained from the EG 

based DES.  
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Table 6. 1 – Chemical composition of the electrolyte used. 

Electrolyte  HBD 
CoCl2.6H2O / 

mol dm-3 
SnCl2 / 

mol dm-3 

DES 1 EG 1 0 
DES 2 EG 1 0.05 
DES 3 EG 1 0.1 
DES 4 EG 1 0.2 
DES 5 EG 1 0.3 
DES 6 EG 1 0.4 
DES 7 EG 1 0.5 

DES 8 U 1 0 
DES 9 U 1 0.05 

DES 10 U 1 0.1 
DES 11 U 1 0.2 
DES 12 U 1 0.3 
DES 13 U 1 0.4 
DES 14 U 1 0.5 

 

  

  
Fig. 6. 2 – Surface and cross-section SEM images of the Co-Sn alloy films deposited in 
copper substrate for 20 min at a constant potential of -1.5 V from: A- DES 1; B- DES 2; 
C- DES 3; D- DES 4; E- DES 5; F- DES 6; G- DES 7. 
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Fig. 6. 2 – Surface and cross-section SEM images of the Co-Sn alloy films deposited in 

copper substrate for 20 min at a constant potential of -1.5 V from: A- DES 1; B- DES 2; 

C- DES 3; D- DES 4; E- DES 5; F- DES 6; G- DES 7. 
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(Fig. 6.2 cont.) 

  

  

Fig. 6. 2 – Surface and cross-section SEM images of the Co-Sn alloy films deposited in 

copper substrate for 20 min at a constant potential of -1.5 V from: A- DES 1; B- DES 2; 

C- DES 3; D- DES 4; E- DES 5; F- DES 6; G- DES 7. 

 

The pure cobalt film (Fig. 6.2A) exhibits porous morphology composed by small 

particles. The incorporation of tin changed the morphology of the deposits. The 

samples prepared can be divided into two groups that have similar morphologies 

regardless the electrolyte composition. One group composed by the samples prepared 

from the electrolyte DES 2, 3, and 4 (Figs. 6.2B-D) which resulted in deposits formed 

by globular particles and on top of which small particles can be observed. The amount 

of tin incorporated in the deposit increased and varied between 12.7 and 53.4 wt%. 

The second group is formed by the samples prepared from the electrolyte DES 5, 6 

and 7 (Figs. 6.2E-G). These samples presented an irregular surface formed by small 

particles without a defined shape. In this set of samples, the amount of tin incorporated 

in the deposit seems to be independent of the electrolyte composition and the amount 

of tin in the deposit oscillates between 55.6 and 67.8 wt%. Despite that the film 
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thickness is not homogeneously distributed across the film, it is clear that the coatings 

became thinner as the amount of tin in the DES increases. 

Fig. 6.3 shows the SEM images and EDX analysis of the samples prepared 

from the urea -based DES.  

 

  

  

  

Fig. 6. 3 – Surface and cross-section SEM images of the Co-Sn alloy films deposited in 

copper substrate for 20 min at a constant potential of -1.5 V from: A- DES 8; B- DES 9; 

C- DES 10; D- DES 11; E- DES 12; F- DES 13; G- DES 14 
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Fig. 6. 3 – Surface and cross-section SEM images of the Co-Sn alloy films deposited in 

copper substrate for 20 min at a constant potential of -1.5 V from: A- DES 8; B- DES 9; 

C- DES 10; D- DES 11; E- DES 12; F- DES 13; G- DES 14. 
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(Fig. 6. 3 cont.) 

  

Fig. 6. 3 – Surface and cross-section SEM images of the Co-Sn alloy films deposited in 

copper substrate for 20 min at a constant potential of -1.5 V from: A- DES 8; B- DES 9; 

C- DES 10; D- DES 11; E- DES 12; F- DES 13; G- DES 14. 

 
Pure cobalt deposit is homogeneous and formed by sharp edge grains (Fig. 

6.3A). In addition, the Co-Sn samples prepared can be divided into two groups that 

have similar morphology regardless the electrolyte composition. One group, formed by 

the samples prepared from the electrolytes DES 9, 10 and 11 (Figs. 6.3B-D), displays 

an irregular surface, formed by agglomerates of circular particles and by cubic cobalt 

particles embedded on these agglomerates. The second group is formed by the 

samples prepared from the electrolytes DES 12, 13 and 14 (Figs. 6.3E-G). These 

samples presented an irregular surface formed by elongated particles. In the first 

group, the amount of tin incorporated in the deposit varied between 4.2 and 19.1 wt%. 

In the second group, the amount of tin incorporated in the deposit is higher and varied 

between 48.9 and 54.1 wt%. Regarding the film thickness, it appears that there are 

also two groups of specimens with similar thickness. 

Vijayakumar et al. [19] studied the electrodeposition of Ni-Co-Sn alloy from a 

EG based DES and found out that increasing the current density decreases the amount 

of tin incorporated in the deposit because Co2+ was preferentially reduced even though 

tin was the metal with the more positive reduction potential.  

The phase composition of the Co-Sn coatings deposited from the different 

electrolytes studied were analysed by XRD. Fig. 6.4 shows the XRD patterns of the 

deposited alloys obtained from the EG (Fig. 6.4A) and urea (Fig. 6.4B) based solutions. 
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Fig. 6. 4 – Influence of the Co on XRD patterns of the Co-Sn films obtained from: A- 
EG and B- urea based DESs. 

 

Several diffraction peaks can be observed in Fig. 6.4, which were assigned to 

CoSn, Co3Sn2, Co2Sn, CoSn2, and Co phases. According to the XRD data, the 

crystallinity and phase structure of the Co-Sn deposits are highly dependent on the 

Co/Sn ratio in solution. Co-Sn deposits obtained from Co richer solutions were 

amorphous with a broad peak at around 44º. Tamura et al. reported that the 79.8 Sn–

20.2 Co alloy deposit was an amorphous alloy having two broad peaks around 32º, 43º 

[3]. Increasing the amount of tin in solution enhances the crystallinity of the deposits 
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and the diffraction peaks became sharper. For the samples analysed, the predominant 

phase was Co3Sn2. Nevertheless, it should be noticed that the deposits obtained from 

the EG-based DES originated more intense diffraction peaks than the deposits 

obtained from urea-based DES. Small diffraction peaks assignable to metallic cobalt 

were also obtained. In contrast, no diffraction peaks assignable to metallic tin were 

detected, possibly due to their low degree of crystallinity when deposited at higher 

temperatures [1]. The differences in the morphologies and phase structure of Co-Sn 

alloy samples obtained should originate different magnetic and corrosion resistance 

properties, which will be confirmed by the following VSM and linear polarization 

measurements.  

The magnetic properties of the samples were investigated using VSM 

measurements. Fig. 6.5A shows a typical hysteresis loop [M(H)] of the Co-Sn films for 

the magnetic field applied parallel and perpendicular to the film plane, at room 

temperature.  

Similar M(H) behaviour was observed for all samples obtained with either EG or 

with U. The hysteresis curves show that the samples were easy to magnetize and 

demagnetize and had low coercive fields (HC), which is compatible with soft magnetic 

materials [20]. Also observed is a preferential magnetic anisotropy in the parallel 

direction to the film plane. 

Fig. 6.5B shows the graphical representation of HC parallel and perpendicular to 

the film plane as function of the Co. The coercive field along the film plane (  
 ) ranged 

between 68 and 157 Oe and 73-122 Oe for the samples prepared from the EG and 

urea -based DES, respectively. The coercive field perpendicular to the film plane (  
 ) 

ranged between 92-240 Oe and 102-182 Oe for the samples prepared from the EG 

and urea -based DES, respectively. Increasing the amount of Sn2+ causes an increase 

of the HC values. Furthermore, it is possible to identify two regions where the coercivity 

values are almost constant regardless of the Co. Light and dark grey rectangles delimit 

those regions. The light grey rectangle for Co values ranging from 0.95 to 0.83 and 

from 0.77 to 0.67 the dark grey rectangle. The light grey rectangle highlights the 

samples without or with very weak diffraction signals. The dark grey rectangle 

highlights the samples that evidenced diffraction peaks assignable to CoxSny phases. 

The measured coercivities are similar for both sets of samples, although they are a bit 

higher for samples prepared with ChCl-EG. Associated with the XRD data these results 

can be attributed to different crystallographic structure, different chemical composition 

of the CoxSny phases or different thickness of the films. Isogai et al [21] studied the 
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magnetic properties of the Mn-Sn-N and Mn-Sn-Co-N alloys and they also showed that 

the coercivities values were mainly influenced by the phase formation. 

The magnetic texture can be analysed by using the ratio between the remanent 

magnetization perpendicular and parallel to the film plane (   
   

  ) [22] and is 

summarized in Fig. 6.5C. Smaller values correspond to a better magnetic orientation, 

and higher values indicate an isotropic magnetic behaviour. The magnetic textures 

ranged from 0.2 to 0.44 for the samples prepared using the EG -based DES and from 

0.24 to 0.59 for the samples prepared using the urea -based DES. It can be observed 

from the data depicted that decreasing the Co
 worsens the magnetic orientation of the 

samples, and the samples prepared using the EG -based DES presented a better 

magnetic orientation when compared with the samples prepared using the urea -based 

DES. Moreover, the samples with worse magnetic orientation presented higher 

coercivities.  

 

 

Fig. 6. 5 – Example of a hysteresis loop of Co-Sn alloy measured by VSM, with a 
magnetic field applied parallel (hard line) and perpendicular (dash line) to the film 

plane. Influence of the Co on: B the coercive field parallel (squares) and perpendicular 
(triangles) to the film axis; C the magnetic texture (circles); for deposits obtained in 
EG -based DES (open symbols) and urea -based DES (filled symbols). 
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Fig. 6. 5 – Example of a hysteresis loop of Co-Sn alloy measured by VSM, with a 

magnetic field applied parallel (hard line) and perpendicular (dash line) to the film 

plane. Influence of the Co on: B the coercive field parallel (squares) and perpendicular 

(triangles) to the film axis; C the magnetic texture (circles); for deposits obtained in 

EG -based DES (open symbols) and urea -based DES (filled symbols). 
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The corrosion behaviour of the samples prepared were evaluated by 

potentiodynamic polarization curves measured in 3% NaCl aqueous solution at a scan 

rate of 1 mV s-1. Corrosion potential (Ecorr) and corrosion current density (jcorr) extracted 

from the Tafel plots depicted in Fig. 6.6 are summarized in Table 7.2. 

 

 

 

Fig. 6. 6 – Potentiodynamic polarization curves recorded in a 3 wt.% NaCl aqueous 
solution at room temperature and scan rate of 1 mVs-1 using the electrodeposited Co 
and Co-Sn alloy films under different conditions from: A- EG and B-urea -based DESs. 
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Table 6. 2 – Corrosion parameters of the samples analysed obtained from Tafel plots. 

 Electrolyte  Ecorr/mV 
jcorr/µA 
cm-2 

 DES 1 -711 26.3 
 DES 2 -720 23.6 
 DES 3 -737 23.7 

EG-based DES DES 4 -723 9.72 
 DES 5 -710 10.3 
 DES 6 -617 5.1 
 DES 7 -706 7.4 

 DES 8 -784 28.3 
 DES 9 -715 12.3 
 DES 10 -755 13.7 

Urea-based DES DES 11 -718 15.2 
 DES 12 -737 15.0 
 DES 13 -725 14.1 
 DES 14 -687 29.3 

 

The Ecorr value for the pure cobalt sample obtained from EG based DES is -

711 mV. The incorporation of tin in the deposit modified the anticorrosion properties of 

the film. Among the Co-Sn samples prepared, the one that exhibited the lowest Ecorr 

with a value of -617 mV was the sample electrodeposited from DES 6 with a Sn 

content of 55 wt%. The crystalline structure and metallic composition differ from sample 

to sample, which could affect the anticorrosion behaviour of each sample [23]. In this 

case, we cannot provide a direct relationship between the Ecorr and deposit composition 

because some of the Co-Sn samples exhibited a worse anti-corrosion behaviour when 

compared with pure Co sample. It was expected that amorphous alloys exhibited 

intrinsically higher corrosion resistance than crystalline samples [24-26]. However, in 

our study samples with better crystallinity (see Fig. 6.2A, samples DESs 5, 6, and 7) 

exhibited better corrosion resistance. From the analysis of the cross-section images, 

the sample DES 6, although thinner than the other films, shows a better adherence to 

the substrate in opposition to other thicker specimens where it seems to be a void layer 

(possibly DES inclusions) between the substrate and the deposit.  

Regarding the samples obtained from urea-based DES, pure cobalt film 

exhibited an Ecorr of -784 mV. The incorporation of tin into the deposit improved the 

corrosion resistance of the samples obtained. From the Co-Sn samples prepared, the 

sample electrodeposited from the electrolyte DES 14 exhibited the best corrosion 

resistance with an Ecorr of -687 mV. Again, no evident relationship between the 

corrosion resistance and the deposit composition could be given. It should be noticed 

that multiple properties (morphology and metallic and phase composition) might 

influence the corrosion resistance.  
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6.2. Summary 

The electrodeposition of Co-Sn alloys from ChCl-EG and ChCl-U DESs were 

studied. It was found that the nature of the hydrogen bond donor and the metal ratio in 

solution were important parameters to obtain satisfactory deposits.  

The cyclic voltammograms for both Co and Sn recorded in both ChCl-EG and 

ChCl-U evidenced multiple cathodic peaks and no evident anodic peak. 

Co-Sn films were successfully deposited from ChCl-EG and ChCl-U and they 

were uniform and adherent. The Co/Sn ratio in solution and the DES used had a 

pronounced influence on the morphology and composition of the deposits obtained. In 

the case of ChCl-EG the samples can be divided into two groups, one characterized by 

globular particles and the other composed by small particles without defined shape. 

The amount of tin incorporated in the deposit varied between 12.7 and 67.8 wt%. Using 

ChCl-U as electrolyte, the deposits obtained can also be divided into two groups with 

similar morphologies, and the amount of tin incorporated in the deposit was found to be 

almost constant. One of the groups is composed of samples displaying agglomerates 

of circular particles and by cubic particles, and the amount of tin varied between 4.2 

and 19.1 wt%. The second group is composed of samples displaying elongated 

particles and the amount of tin varied between 48.9 and 54.1 wt%. 

The metal composition of the deposit can affect its crystalline phase, magnetic 

behaviour, or corrosion performance. X-ray diffraction analysis showed that the 

deposits were formed by multiple crystalline phases with Co3Sn2 being the predominant 

phase.  

Samples prepared from ChCl-EG revealed higher coercive fields than samples 

prepared from ChCl-U. This was observed both for fields along and for perpendicular to 

the film plane. Furthermore, and similar to what was obtained in the morphological 

analysis, it was possible to identify two groups where the coercivity values were almost 

constant regardless of the composition.  

Co-Sn alloys coatings showed a good corrosion performance. For the ChCl-EG 

DES, the best corrosion resistance coating was composed by 44.4 wt% of Co and 

55.6 wt% of Sn, and for ChCl-U the best one was composed by 51.1 wt% of Co and 

48.9 wt% of Sn. 
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7. .IntroductionThe need for developed coatings with enhanced characteristics 

has been recognized as a key factor in several areas of technological importance. It 

has been demonstrated that the incorporation of nanosized particles into the metal 

matrix forming a metal matrix composite (MMC) could improve the coating properties 

such as hardness or corrosion resistance [1-3]. An obvious approach to increasing the 

tensile strength and the elastic modulus of the composite is to add fibrous particles, 

such as carbon nanotubes (CNTs) to the metal matrix [4]. CNTs are known to have 

unique properties [5-8] including good lubricity, hardness and toughness thus being 

considered as a suitable reinforcement material in composites.  

The electrochemical route is one of the most applied procedures and of great 

interest for industrial usage because it allows obtaining a large range of functional and 

protective composite coatings with lower cost and easier control of the process [9, 10]. 

Usually, CNTs are very prone to aggregation and are difficult to be processed 

due to their low dispersibility [11, 12] Therefore, to obtain composite coatings with 

homogeneous CNTs distribution the addition of surfactants or dispersing agents is 

required. 

Ionic liquids (ILs) were found to be suitable media to form stable CNTs based 

dispersions overcoming the agglomeration problems, [12, 13]. Despite having 

appealing properties, their high cost and sensitivity to the presence of water hamper 

their general use. In recent years, a new class of ILs analogues called Deep Eutectic 

Solvents (DESs) has been attracting the attention of the researchers. DESs represent 

ionic fluids which comprise a mixture of a quaternary ammonium salt with hydrogen 

bond donors such as amides, carboxylic acids or alcohols [14]. DESs share with ILs 

the majority of the advantages (such as low vapour pressure, non-flammability, etc.) 

without having the same drawbacks. They can be easily prepared, are relatively 

inexpensive and tolerate the presence of water. It has been recently shown that stable 

MWCNTs dispersions may be obtained using the choline chloride- based eutectic 

mixtures that may be kept up to 6 months [15, 16]. Therefore, DESs can be considered 

suitable electrolytic media to electrochemically deposit the metal-CNTs composites. 

Cobalt and its alloys electrodeposited as coatings attracted a great interest in 

view of a large range of applications, due to their strength, good corrosion 

performance, and electrocatalytic activity. In addition, their applications to build micro-

electromechanical systems (MEMS), magneto-optic recording/storage devices and 

magnetic sensors are also of interest [17-19]. 

Very few published works were devoted to the electrodeposition of Co 

composites with CNTs. [20]. Su et al. [9] reported the electrochemical synthesis of Co- 
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MWCNTs coatings from aqueous citrate based electrolytes containing MWCNTs by 

direct current and pulse reverse current electrodeposition. They showed that the 

incorporation of MWCNTs, particularly the functionalized MWCNTs improve the 

hardness, wear and corrosion performance of the obtained composite coatings. In 

contrast Anand et al. [10] reported that incorporation of CNTs didn’t significantly 

improve the corrosion resistance of the Co-P-CNTs composite. 

The plating of Co and its alloys from aqueous solutions presents important 

drawbacks, in particular, low cathodic current efficiency due to a narrow 

electrochemical window, hydrogen evolution, complexity and sometimes toxicity of the 

baths formulations as well as the need for additives. Under these circumstances, 

ILs/DES are recognized as better and green alternatives.  

Cobalt deposits have been successfully obtained using imidazolium [21-24] or 

pyrrolidinium [25, 26] based ionic liquids. For example Su et al. [23] showed that during 

Co electrodeposition from 1-butyl-3methylimidazolium tetrafluoroborate the quality of 

the coating depends on the bath temperature. The deposit colour changed from dark 

grey to metallic silver as the temperature increased from 40 ºC to 60 ºC. With 

increasing the temperature, the deposit became denser and formed by finer grains.  

The electrodeposition of cobalt has also been carried out from several binary 

mixtures of choline chloride (ChCl) with urea, ethylene glycol, malonic acid or oxalic 

acid [27-29]. The results showed that the reduction mechanism of Co2+ in ChCl-urea 

and ChCl-ethylene glycol is a quasi-reversible (or with a high degree of irreversibility at 

high scan rate), whereas in ChCl-carboxylic acid solvents the cathodic process of Co2+ 

is overlapped with reduction of protons. Anicai et al. [29] showed that the type of the 

eutectic mixture influences the deposit morphology and the cathodic efficiency. The 

use of choline chloride-urea binary mixture facilitates smoother deposits (RMS 

roughness values of around 2 nm for investigated areas of 1 μm×1μm) with cathodic 

efficiencies of 95-98%. 

Only a few studies on electrodeposition of metal-CNTs composites in ionic 

liquids based on choline chloride have been carried out so far. Martis et al. [15] 

reported the successful deposition of compact nickel-multiwalled carbon nanotube 

(Ni/MWCNT) composites onto Cu substrate using choline chloride-urea eutectic 

mixtures. They found that the composite deposits involving oxygen-functionalized 

MWCNTs exhibited higher stability and improved corrosion performance than those 

incorporating pristine MWCNTs. 

The present study aims to investigate the electrodeposition of Co-MWCNTs 

composites from the eutectic mixture of choline chloride and urea. In addition, the 
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microstructure, crystallinity, roughness and electrochemical corrosion properties of the 

coatings were characterized in relation to the amount of nanotubes dispersed in the 

eutectic mixture used. 

7.1. Results and discussion 

 

Dispersions of different amounts of MWCNTs in ChCl-U eutectic mixtures were 

prepared as plating baths. The stability of the dispersion of CNTs in the plating bath is 

a key factor to obtain a metal composite. Dispersions of 0.1-0.5 g L-1 of MWCNTs in 

ChCl-U were excellent and their stability remained unaffected for over two weeks, so 

that they could be used to perform the electrodeposition of Co/MWCNTs composite. 

The good stability of MWCNTs dispersions using choline chloride based ionic 

liquids is in agreement with the literature [12, 30] and may be related to the increased 

viscosity of DES as compared to aqueous electrolytes. 

In order to get information on the electrochemical process, cyclic 

voltammograms have been recorded at different scan rates and different electrolyte 

temperatures and they are depicted in Fig. 7.1.  

 

 

Fig. 7. 1 – Cyclic voltammograms on Cu electrode in ChCl-U ionic liquid for A: 1 M of 
CoCl2.6H2O at different temperatures, at 5 mV s-1; and B: 1 M of CoCl2.6H2O and 
different amounts of MWCNTs at 70 ºC and 5 mV s-1. 

 

(Fig. 7.1 cont.) 
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Fig. 7.1 – Cyclic voltammograms on Cu electrode in ChCl-U ionic liquid for A: 1 M of 

CoCl2.6H2O at different temperatures, at 5 mV s-1; and B: 1 M of CoCl2.6H2O and 

different amounts of MWCNTs at 70 ºC and 5 mV s-1. 

 

Fig. 7.1A presents examples of the recorded voltammograms in the case of 

CoCl2.6H2O dissolved in ChCl mixture with urea (ChCl-U) involving a Cu working 

electrode at 5 mV s-1, at different temperatures. 

The cathodic deposition process in ChCl-U electrolyte starts at about -1.03 V at 

25 C, with a cathodic peak at around -1.35 V, which shifts to more positive potentials 

as the temperature increases. In addition, a nucleation loop can be observed at -1.10 V 

at   25 ºC, at -1.05 V at 40 ºC and -0.90 V at 70 ºC. 

Scanning in the positive direction, a single anodic peak is evidenced at 

about -0.15 V, assigned to the Co stripping from the Cu working electrode surface. The 

peak potential of cobalt dissolution remains almost constant with temperature. Similar 

voltammetric profile was also reported by Li et al. [27]. 

Fig. 7.1B shows cyclic voltammograms recorded for a Cu working electrode in 

ChCl-U with CoCl2.6H2O, and different amounts of MWCNTs at 70 ºC. In all cases, the 

onset of the reduction process occurs at about -0.80 V and reaches a maximum at 

about -1.30 V. Reversing the scan it is also observed a current loop. Contrary to what 

was expected, the addition of MWCNTs has diminished the cathodic peak current 

density (jpc) when compared to what was obtained for pure cobalt. The maximum 

current density was found to be independent of the amount of MWCNTs in solution. 

Scanning in the positive direction originated a single oxidation process, and upon 
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addition of MWCNTs the peak potential of coating dissolution moved towards more 

positive potentials. The highest anodic peak current density (jpa) for the dissolution of 

the deposit is obtained in CoCl2.6H2O+0.1 g L-1 MWCNTs (7.23 mA cm-2) followed by 

CoCl2.6H2O+0.2 g L-1 MWCNTs (6.39 mA cm-2). Thus, compared to jpc, the addition of 

MWCNTs caused an increase in jpa.  

Raman spectroscopy is one of the most reliable technique to identify and 

characterize carbon nanotubes. Fig. 7.2 shows examples of the recorded Raman 

spectra of pure (commercial) MWCNTs and of the electrodeposited cobalt composites. 

Pure MWCNTs showed Raman bands at 1380, 1580 and 2666 cm-1 which are 

characteristic to the MWCNTs presence [31]. It can be clearly seen in Fig. 7.2 that all 

cobalt composite samples gave signals at Raman shifts assignable to MWCNTs, 

suggesting the successful formation of Co-MWCNTs composites.  

 

 

Fig. 7. 2 – Raman spectra for the Co composite coatings prepared from ChCl-U 
containing 1 M of CoCl2.6H2O and MWCNTs (i=5 mA cm-2, 15 min., Cu substrate). 

 

The samples were also analysed by XRD and the texture coefficient (TC) of 

each (hkl) plane was evaluated from the XRD spectrum according to the following 

equation [32]: 

         
                

                      
 
   

                                        (7.2) 
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where Ii(hkl) is the intensity of the diffraction peak of the (hkl) plane in the XRD spectrum, 

I0i(hkl) is the standard intensity and N is the number of diffractions signals considered in 

the analysis. TC(hkl) value is close to 1 for a random orientation, and TC is higher than 

1 for a preferential orientation of the (hkl) plane. In order to analyze the degree of 

texture of each sample, the standard deviation  of all of the TC(hkl) values was also 

calculated according to the following equation [32]: 

   
              

   

 
                                                (7.3) 

A value of =0 indicates a completely random orientation and the higher the value of  

the higher the texture of the sample. 

The XRD spectra, texture coefficient TC(hkl) and standard deviation  of the Co 

and Co-MWCNTs composite deposits are shown in Fig. 7.3.  

The analysis of the XRD spectra depicted in Fig. 7.3A revealed that the 

deposits had a good crystallinity and they were mainly formed by cobalt even though 

there were also small traces of CoO2. The Co-MWCNTs composite deposits show a 

small shifted peak at around 25o, which may be assigned to the presence of MWCNTs. 

XRD pattern of MWCNTs evidences the strongest diffraction peak at the angle (2θ) of 

≈25.5°, indexed as the (002) reflection of the hexagonal graphite structure [33, 34]. 

According to [35], the existing differences might be associated with potential thermal 

effects due to the deposit’s internal stress and strain effects. The diffraction peaks at 

around 32º and 39º may be assigned to the presence of MWCNTs [36]. 

The TC(hkl) curves as functions of (hkl) depicted in Fig. 7.3B indicates that upon 

addition of MWCNTs the intensity of the peak assigned to Co (111) plane diminished 

and the one assigned to Co(220) peak increased. This suggests that the presence of 

nanotubes promoted a preferential orientation of Co crystallites on (220) plane. It has 

been reported that the inclusion of MWCNTs on the metal matrix modifies the grain 

orientation [37]. The histogram in the right portion of Fig. 7.3B display the  value as 

function of specimen analysed indicating that the higher texture strength was obtained 

for the Co-MWCNTs composite obtained with 0.2 g L-1 of MWCNTs in solution. The 

average grain size diminished from 11.4 nm for pure Co to 7.0 and 5.2 nm for 

CoCl2.6H2O+0.1 g L-1 MWCNTs and CoCl2.6H2O+0.2 g L-1 MWCNTs, respectively. 

Normally, the inclusion of suspended particles into a metal matrix hinders the grain 

growth and they will act as grain nucleation sites and thus reducing the average grain 

size. The grain refining attributed to the inclusion of MWCNTs in the metal matrix has 

been reported [9, 37, 38]. The lattice constants of the cobalt deposits were estimated to 

be a=b=2.508 Å and c=4.08 Å for the pure cobalt sample, a=b=2.506 Å and c=4.09 Å 
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for CoCl2.6H2O+0.1 g L-1 MWCNTs composite and a=b=2.510 Å and c=4.09 Å for 

CoCl2.6H2O+0.1 g L-1 MWCNTs composite. The lattice expansion in the 

electrodeposited cobalt phases should be the result of the incorporation of MWCNTs 

on metal matrix. 

 

 

 

Fig. 7. 3 – X-ray diffractograms (A) and TC(hkl) curves and  (B) for Co and Co-
MWCNTs composite coatings prepared from ChCl-U containing 1 M of CoCl2.6H2O 
and MWCNTs (i=5 mA cm-2,15 min., Cu substrate). 
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SEM images illustrated in Fig. 7.4 show the morphology of cobalt and cobalt 

composite. 

 

  

  

Fig. 7. 4 – SEM images for the cobalt coatings prepared from ChCl-U containing A: 1 
M of CoCl2.6H2O; B: 1 M of CoCl2.6H2O and 0.1 g L-1 of MWCNTs; C: 1 M of 
CoCl2.6H2O and 0.2 g L-1 of MWCNTs and D: 1 M of CoCl2.6H2O and 0.5 g L-1 of 
MWCNTs (i=5 mA cm-2,15 min., Cu substrate) (i=5 mA cm-2,15 min., Cu substrate). 

 

As shown in Fig. 7.4A, the morphology of pure cobalt exhibits sharp edge 

grains. Co-MWCNTs films show a completely different morphology, mainly consisting 

in relatively spherical particles connected by MWCNTs (Figs 7.4B-D.). They appear to 

be less compact as compared to pure cobalt. From EDS data, the maximum amount of 

MWCNTs incorporated into the deposit is of about 2 wt. %.  

Samples of pure cobalt and cobalt composites were examined by AFM in 

contact mode. Typical data set of AFM images (20 µm x 20 µm), associated with the 

maps of friction force and electrical conductivity are shown in Fig. 7.5.  
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Fig. 7. 5 – AFM topographic images (a1, b1, c1), friction images (a2, b2, c2) and electrical 
conductivity maps (a3, b3, c3, bias voltage – 1 V) respectively, related to the cobalt and 
cobalt composites coatings obtained in ChCl with A: 1 M CoCl2.6H2O; B: 1 M of 
CoCl2.6H2O+0.1 g L-1 of MWCNTs and C: 1 M of CoCl2.6H2O+0.2 g L-1 of MWCNTs 
(i=5 mA cm-2,15 min., Cu substrate). 

 

The topography image shows a surface formed by globular particles with, in 

average, diameters smaller than 600 nm. With such large height variations, it is not 

possible to discern the nanotubes in the topography image. These data also showed 

that increasing the amount of MWCNTs the grains size diminished. Furthermore, the 

average roughness (Ra) and the root mean square (RMS) roughness diminished as the 

amount of nanotubes in solution increased. Table 7.1 summarizes the values of Ra and 

RMS roughness obtained for investigated deposited areas of 20 m x 20 m. 

Compared to SEM, the AFM 2D projections images showed similar morphology.  
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Table 7. 1 – Surface roughness and conductivity values of coatings as a function of 

bath composition (investigated deposited areas of 20 m x 20 m). 

Bath composition 
topography 

Electrical 

conductivity 

RMS (nm) Ra (nm) RMS (nA) Ia (nA) 

1 M CoCl2.6H2O 189.31 154.12 3.34 2.88 

1 M CoCl2.6H2O+0.1 g L-1 of 

MWCNTs 
121.22 96.97 3. 11 2.72 

1 M CoCl2.6H2O+0.2 g L-1 of 

MWCNTs 
106.69 84.1 2.80 2.40 

 

Friction forces maps are also depicted in Fig 7.5. Friction force map roughly 

shows the local friction coefficient of the sample and varies from high friction regions 

(bright) to low friction regions (dark) [39, 40].  The absence of contrasting regions, as 

shown in Fig. 5 (a2, b2, c2) may suggest that the friction force varies slightly along the 

surface of each sample. However, a clear correlation between the friction force maps 

and the presence of nanotubes could not be noticed. 

Changes in the local surface conductivity can be mapped with the help of 

conducting atomic force microscopy (C-AFM) using a metallically conducting probe tip 

in contact mode [41]. This parameter varies from high conductivity zones (red) to low 

conductivity or high resistive zones (blue). As shown in Figs. 7.5 (a3, b3, c3), pure Co 

deposit exhibited large surface regions with high conductivity and some less conductive 

areas. A statistical analysis of the electrical conductivity data is presented in Table 8.1. 

For the pure Co film, an average value for the local conductivity of 2.88 nA was 

obtained, whereas 2.72 and 2.40 nA were the average local conductivity values 

obtained for the composites prepared with 0.1 g L-1 and 0.2 g L-1 of MWCNTs, 

respectively. Analysing the C-AFM data it is possible to observe that the local surface 

conductivity diminished with the incorporation of MWCNTs. However and taking into 

account the RMS values obtained the differences observed in the local surface 

conductivity are not significant. The presence of amorphous carbon in the MWCNTs 

and their random spatial distribution in the deposit in addition to the presence of cobalt 

oxide in the deposited surface might explain the differences observed in the local 

surface conductivity of the composite films. The EDX results support the presence of 

the cobalt oxide in the deposited surface. 
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7.2.  Corrosion behaviour of cobalt and cobalt composites 

To assess the protective nature of Co and Co composites, potentiodynamic 

polarization curves and electrochemical impedance spectra, at open circuit potential in 

0.5 M NaCl, have been recorded for various immersion periods.  

The recorded potentiodynamic polarization curves for the Co and Co 

composites coatings electrodeposited with different amounts of MWCNTs dispersed in 

ChCl-U is presented in Fig. 7.6, for different immersion periods in aggressive solution, 

up to 264 h. 

Ecorr for pure Co samples shifts from -0.695±0.002 V (vs. Ag) to -0.595±0.002 V 

(vs. Ag) as the immersion time increased. This behaviour may be related to the 

possible formation of cobalt oxi-hydroxide layer on the metallic surface that protect the 

metallic coatings against corrosion. The values of jcorr diminished from 6 ±1 µA cm-2 to 

2.9 ±0.2 µA cm-2 as the immersion time increased which suggest the formation of a 

passive layer that improves the corrosion performance.  

Compared to pure cobalt, the incorporation of MWCNTs in the deposit did not 

significantly affected the corrosion performance with respect to long-term exposure 

(Ecorr -0.603±0.004 V (vs. Ag)). It is worth mentioning that at the initial moment of 

immersion the coatings with CNTs presented a slightly better corrosion behaviour 

(Ecorr -0.670±0.004 V (vs. Ag)).   
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Fig. 7. 6 – Polarization curves (3 mVs-1) in semi-logarithmic scale for cobalt and cobalt 
composites obtained in ChCl-U with: A: 1 M CoCl2.6H2O; B: 1 M of 
CoCl2.6H2O+0.2 g L-1 of MWCNTs in 0.5 M NaCl for different immersion periods. 

(Fig. 7.6 cont.) 

 
Fig. 7. 6 – Polarization curves (3 mVs-1) in semi-logarithmic scale for cobalt and cobalt 
composites obtained in ChCl-U with: A: 1 M CoCl2.6H2O; B: 1 M of 
CoCl2.6H2O+0.2 g L-1 of MWCNTs in 0.5 M NaCl for different immersion periods.  
  

The protection of the coatings against corrosion was also evaluated by 

electrochemical impedance spectroscopy (EIS). EIS plots were recorded over the 

frequency range from 100 kHz to 50 mHz at open circuit potential in 0.5 M NaCl for 

different immersion times as shown in Figs. 7.7 and 7.8. 

The Nyquist representation of the EIS spectra obtained for pure Co (Fig. 7.7A) 

coating shows that the results are relatively scattered. The Nyquist plots can be 

characterized by a capacitive semi-circle in the high-frequency range. Bode plots 

(Fig. 7.7B) show the presence of a single time constant in the middle frequency region, 

except the case of 168 h of exposure when two-time constants were noticed, which 

might suggest the presence of two corrosion processes 
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Fig. 7. 7 – Nyquist (A) and Bode (B) plots in 0.5 M NaCl at open circuit potential, after 
different immersion times (solid lines are the fit of the experimental data using the 
equivalent circuit depicted in Fig. 9) of Co deposits obtained in ChCl-U with: A: 1 M of 
CoCl2.6H2O.  

 

Fig. 7.8 presents an example of the EIS plots recorded for the Co-MWCNTs 

composite.  
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Fig. 7. 8 – Nyquist (A) and Bode (B) plots in 0.5 M NaCl at open circuit potential, after 
different immersion times (solid lines are the fit of the experimental data using the 
equivalent circuit depicted in Fig. 7.9) of Co- MWCNT composite deposits. 

 

The Nyquist plot evidence the presence of a single capacitive loop and the 

corresponding Bode plot shows only one time constant in the middle frequency region.  

The equivalent-circuit model proposed for the corrosion behaviour of Co and 

Co-composites in 0.5M NaCl solution is shown in Fig. 7.9. In this model Rsol. is referred 
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to the solution ohmic resistance, Cdl is the double layer capacitance, Rct is the charge-

transfer resistance between the electrolyte and the passive film, CF is the capacitance 

of the film and RF is the charge-transfer resistance between the passive film and the 

deposit. We used CPE elements instead of true capacitors due to the non-uniform 

nature of the metallic films [42].  

In Figs. 7.7 and 7.8 the solid lines represent the best-fit curves in terms of the 

equivalent circuit shown in Fig. 7.9.  

 

 

Fig. 7. 9 – Equivalent-circuit proposed for the corrosion behaviour of cobalt deposits in 
NaCl solution. 

 

The good fitting indicates that the proposed equivalent-circuit reasonably 

describes the corrosion processes occurring at the interface between the Co deposits 

and the aggressive solution. The best-fit values of the equivalent-circuit elements (Rct 

and RF) for all Co deposits, with and without CNTs are listed in Table 7.2.  

 

Table 7. 2 – Best-fit values of the equivalent-circuit elements Rct and RF shown in Figs. 
7.7 and 7.8. 

Immersion 

time 

Pure Co 

  

1 M CoCl2.6H2O+0.2 g L
-1

 

of MWCNTs 

 
1 M CoCl2.6H2O+0.5 g L

-1
 

of MWCNTs 

Rct (Ω cm
-2

) RF (Ω cm
-2

)
 

 Rct (Ω cm
-2

) RF (Ω cm
-2

)  Rct (Ω cm
-2

) RF (Ω cm
-2

) 

Initial 458 8753  6.2 2481  595 4200 

24 h 10777 12536  14 3624  224 4633 

48 h 4235 5603  366 7000  2403 5000 

96 h 2454 1000  960 12349  3650 10950 

168 h 329 8840  1363 2674  4236 11500 

 

According to the fitting results, the values of Rct and RF increase, suggesting 

that a passive film was formed on the surface of the deposit during the immersion 

period. The sum of Rct and RF is commonly used as an indication of the total corrosion 

resistance [43]. Polarization resistance values of about 9 kΩ have been estimated for 

the initial moment of immersion in the case of pure Co deposits, which gradually 

increased to about 12 kΩ after 24 h of conditioning. Then a continuous decrease up to 
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about 4 kΩ after 96 h was noticed, probably due to some defects present on the 

surface, followed by an increase up to approximately 9 kΩ, suggesting a repassivation 

of the specimen with protective behaviour restored. 

In the case of Co-MWCNT composite coatings, comparable or slightly higher 

values of the polarization resistance were noticed. The successive increase of semi-

circle diameter for Co-MWCNT composite shown by Nyquist spectra may be 

interpreted by taking into consideration a synergetic action between the presence of 

MWCNTs which may prevent the diffusion of the aggressive Cl- ions through the layer 

and the formation of the cobalt oxi-hydroxide passive layer. Therefore, RF increased 

from an initial value of 4800  (ohmic resistance) towards 14-15 k after 168 h of 

exposure, as result of the gradual formation of a passive layer on the surface. This 

behaviour may be associated with the Co-MWCNT composite morphology, in 

agreement with [10, 44]. It is worth to mention that, based on the obtained results, both 

Co and Co-MWCNT composite coatings electrodeposited from choline chloride based 

ionic liquids appear to provide an improved corrosion performance as compared to 

those prepared from classical aqueous electrolytes [9, 10]. 

7.3. Summary 

The performed investigations showed that the electrochemical deposition of Co-

MWCNTs composite coatings may be successfully performed using choline chloride-

urea eutectic mixtures. The involved electrolytic medium facilitated the formation of a 

stable and homogeneous dispersion of MWCNTs that allowed the incorporation of 

MWCNTs in a cobalt matrix.  

Smooth and uniform Co and Co-MWCNT composite coatings have been 

electrodeposited, exhibiting a good adherence to the Cu substrates. The recorded 

Raman spectra confirmed the presence of MWCNTs within the Co metallic matrix. In 

addition, the lattice expansion observed is compatible with the incorporation of 

MWCNTs.  XRD analysis revealed that the presence of nanotubes promoted a 

preferential orientation of Co crystallites on (220) and revealed the grain refining 

properties of the MWCNTs. 

The Co-MWCNT composite coatings appeared to exhibit a comparable or 

slightly better corrosion performance than that of pure Co ones, in particular for long 

term exposure to 0.5 M NaCl solution. This behaviour may be associated with the 

presence of the MWCNT that may hinder the diffusion of aggressive Cl- ions. 

 

 



Chapter VII – Electrodeposition of Co composite 

 

131 | P a g e  
 

References 

[1] F.C. Walsh, C. Ponce de Leon, A review of the electrodeposition of metal matrix 

composite coatings by inclusion of particles in a metal layer: an established and 

diversifying technology, Trans. Inst. Met. Finish. 92(2) (2014) 83-98. 

[2] C.T.J. Low, R.G.A. Wills, F.C. Walsh, Electrodeposition of composite coatings 

containing nanoparticles in a metal deposit, Surf. Coat. Technol. 201(1–2) (2006) 371-

383. 

[3] M. Musiani, Electrodeposition of composites: an expanding subject in 

electrochemical materials science, Electrochim. Acta 45(20) (2000) 3397-3402. 

[4] S.R. Bakshi, D. Lahiri, A. Agarwal, Carbon nanotube reinforced metal matrix 

composites - a review, Inter. Mater. Rev. 55(1) (2010) 41-64. 

[5] M.M.J. Treacy, T.W. Ebbesen, J.M. Gibson, Exceptionally high Young's modulus 

observed for individual carbon nanotubes, Nature 381(6584) (1996) 678-680. 

[6] T.W. Ebbesen, H.J. Lezec, H. Hiura, J.W. Bennett, H.F. Ghaemi, T. Thio, Electrical 

conductivity of individual carbon nanotubes, Nature 382(6586) (1996) 54-56. 

[7] L. Langer, V. Bayot, E. Grivei, J.P. Issi, J.P. Heremans, C.H. Olk, L. Stockman, C. 

Van Haesendonck, Y. Bruynseraede, Quantum Transport in a Multiwalled Carbon 

Nanotube, Phys. Rev. Lett. 76(3) (1996) 479-482. 

[8] H. Kataura, Y. Kumazawa, Y. Maniwa, I. Umezu, S. Suzuki, Y. Ohtsuka, Y. Achiba, 

Optical properties of single-wall carbon nanotubes, Synth. Met. 103(1-3) (1999) 2555-

2558. 

[9] F. Su, C. Liu, J. Guo, P. Huang, Characterizations of nanocrystalline Co and 

Co/MWCNT coatings produced by different electrodeposition techniques, Surf. Coat. 

Technol. 217 (2013) 94-104. 

[10] E. Edward Anand, S. Natarajan, Preparation and characterisation of 

nanocrystalline cobalt–phosphorus coatings reinforced with carbon nanotubes, Surf. 

Eng. 30(10) (2014) 716-721. 

[11] C. Chen, B. Liang, A. Ogino, X. Wang, M. Nagatsu, Oxygen Functionalization of 

Multiwall Carbon Nanotubes by Microwave-Excited Surface-Wave Plasma Treatment,  

J. Phys. Chem. C 113(18) (2009) 7659-7665. 

[12] M.L. Polo-Luque, B.M. Simonet, M. Valcárcel, Functionalization and dispersion of 

carbon nanotubes in ionic liquids, Trends Anal. Chem. 47 (2013) 99-110. 

[13] T. Fukushima, A. Kosaka, Y. Ishimura, T. Yamamoto, T. Takigawa, N. Ishii, T. 

Aida, Molecular Ordering of Organic Molten Salts Triggered by Single-Walled Carbon 

Nanotubes, Sci. 300(5628) (2003) 2072-2074. 



Chapter VII – Electrodeposition of Co composite 

 

132 | P a g e  
 

[14] E.L. Smith, A.P. Abbott, K.S. Ryder, Deep Eutectic Solvents (DESs) and Their 

Applications, Chem. Rev. 114(21) (2014) 11060-11082. 

[15] P. Martis, V.S. Dilimon, J. Delhalle, Z. Mekhalif, Electro-generated nickel/carbon 

nanotube composites in ionic liquid, Electrochim. Acta 55(19) (2010) 5407-5410. 

[16] H. Gholami, H. Arab, M. Mokhtarifar, M. Maghrebi, M. Baniadam, The effect of 

choline-based ionic liquid on CNTs' arrangement in epoxy resin matrix, Mater. Des. 91 

(2016) 180-185. 

[17] V.V. Kuznetsov, Z.V. Bondarenko, T.V. Pshenichkina, N.V. Morozova, V.N. 

Kudryavtsev, Electrodeposition of a cobalt-molybdenum alloy from an ammonia-citrate 

electrolyte, Russ. J. Electrochem. 43(3) (2007) 349-354. 

[18] E. Gómez, E. Pellicer, E. Vallés, Electrodeposition of cobalt based alloys for 

MEMS applications, Trans. Inst. Met. Finish. 83(5) (2005) 248-254. 

[19] P.P. Wu, L. Jiang, Y. Sun, Q.J. Peng, Y.D. Yu, H.L. Ge, Magnetic performance 

and corrosion resistance of cobalt based magnetic films, Surf. Eng. 29(10) (2013) 761-

766. 

[20] N. Silvestre, State-of-the-art Review on Carbon Nanotube Reinforced 

Metal Matrix Composites, Int. J. Compos. Mater. 3 (2013) 28-44. 

[21] S. Schaltin, P. Nockemann, B. Thijs, K. Binnemans, J. Fransaer, Influence of the 

Anion on the Electrodeposition of Cobalt from Imidazolium Ionic Liquids, Electrochem. 

Solid-State Lett. 10(10) (2007) D104-D107. 

[22] Y. Peixia, A. Maozhong, S. Caina, W. Fuping, Fabrication of cobalt nanowires from 

mixture of 1-ethyl-3-methylimidazolium chloride ionic liquid and ethylene glycol using 

porous anodic alumina template, Electrochim. Acta 54 (2008). 

[23] C. Su, M. An, P. Yang, H. Gu, X. Guo, Electrochemical behavior of cobalt from 1-

butyl-3-methylimidazolium tetrafluoroborate ionic liquid, Appl. Surf. Sci. 256(16) (2010) 

4888-4893. 

[24] Y.-T. Hsieh, M.-C. Lai, H.-L. Huang, I.W. Sun, Speciation of cobalt-chloride-based 

ionic liquids and electrodeposition of Co wires, Electrochim. Acta 117(0) (2014) 217-

223. 

[25] Y. Katayama, R. Fukui, T. Miura, Electrodeposition of Cobalt from an Imide-Type 

Room-Temperature Ionic Liquid, J. Electrochem. Soc. 154(10) (2007) D534-D537. 

[26] R. Fukui, Y. Katayama, T. Miura, The effect of organic additives in 

electrodeposition of Co from an amide-type ionic liquid, Electrochim. Acta 56(3) (2011) 

1190-1196. 

[27] M. Li, Z. Wang, R.G. Reddy, Cobalt electrodeposition using urea and choline 

chloride, Electrochim. Acta 123(0) (2014) 325-331. 



Chapter VII – Electrodeposition of Co composite 

 

133 | P a g e  
 

[28] A. Cojocaru, M.L. Mares, P. Prioteasa, L. Anicai, T. Visan, Study of electrode 

processes and deposition of cobalt thin films from ionic liquid analogues based on 

choline chloride, J. Solid-State Electrochem. 19(4) (2015) 1001-1014. 

[29] L. Anicai, S. Costovici, A. Cojocaru, A. Manea, T. Visan, Electrodeposition of Co 

and CoMo alloys coatings using choline chloride based ionic liquids – evaluation of 

corrosion behaviour, Trans. Inst. Met. Finish. 93(6) (2015) 302-312. 

[30] Y.C. Yan, H. Mariam, W. Rashmi, M. Khalid, S. Kaveh, N. Mase, Y. Nishina, H. 

Sakai, Sonosynthesis of DES/CNT nanofluid stability and thermal conductivity studies, 

Proceedings of Academics World 36th  International, Malacca, Malaysia, 2016, pp. 13-

18. 

[31] R.A. DiLeo, B.J. Landi, R.P. Raffaelle, Purity assessment of multiwalled carbon 

nanotubes by Raman spectroscopy, J. Appl. Phys. 101(6) (2007) 064307. 

[32] J. Gao, W. Jie, Y. Yuan, T. Wang, G. Zha, J. Tong, Dependence of film texture on 

substrate and growth conditions for CdTe films deposited by close-spaced sublimation, 

J. Vac. Sci. Technol., 29(5) (2011) 051507. 

[33] L. Jin, C. Bower, O. Zhou, Alignment of carbon nanotubes in a polymer matrix by 

mechanical stretching, Appl. Phys. Lett. 73(9) (1998) 1197-1199. 

[34] T.A. Saleh, The influence of treatment temperature on the acidity of MWCNT 

oxidized by HNO3 or a mixture of HNO3/H2SO4, Appl. Surf. Sci. 257(17) (2011) 7746-

7751. 

[35] R. Das, S. Bee Abd Hamid, M. Eaqub Ali, S. Ramakrishna, W. Yongzhi, Carbon 

Nanotubes Characterization by X-ray Powder Diffraction – A Review, Curr. Nanosci. 

11(1) (2015) 23-35. 

[36] C.A. Isaza Merino, J.E. Ledezma Sillas, J.M. Meza, J.M. Herrera Ramirez, Metal 

matrix composites reinforced with carbon nanotubes by an alternative technique, J. All. 

Comp. 707 (2017) 257-263. 

[37] S. Khabazian, S. Sanjabi, The effect of multi-walled carbon nanotube 

pretreatments on the electrodeposition of Ni–MWCNTs coatings, Appl. Surf. Sci. 

257(13) (2011) 5850-5856. 

[38] C.R. Carpenter, P.H. Shipway, Y. Zhu, The influence of CNT co-deposition on 

electrodeposit grain size and hardness, Surf. Coat. Technol. 205(21–22) (2011) 5059-

5063. 

[39] A. Méndez-Vilas, M.L. González-Mart  n, L. Labajos-Broncano, M.J. Nuevo, 

Artifacts in AFM images revealed using friction maps, Appl. Surf. Sci. 238(1–4) (2004) 

42-46. 



Chapter VII – Electrodeposition of Co composite 

 

134 | P a g e  
 

[40] P. Samyn, G. Schoukens, P. De Baets, Micro- to nanoscale surface morphology 

and friction response of tribological polyimide surfaces, Appl. Surf. Sci. 256(11) (2010) 

3394-3408. 

[41] R. Waser, Nanoelectronics and Information Technology, Wiley2012. 

[42] C.-C. Hu, C.-H. Chu, Electrochemical impedance characterization of polyaniline-

coated graphite electrodes for electrochemical capacitors — effects of film 

coverage/thickness and anions, J. Electroanal. Chem. 503(1–2) (2001) 105-116. 

[43] C.-C. Hu, C.-K. Wang, Effects of composition and reflowing on the corrosion 

behavior of Sn–Zn deposits in brine media, Electrochim. Acta 51(20) (2006) 4125-

4134. 

[44] S.-K. Kim, T.-S. Oh, Electrodeposition behavior and characteristics of Ni-carbon 

nanotube composite coatings, Trans. Nonferr. Met. Soc. China 21 (2011) s68-s72. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter VIII 
Electrodeposition of titanium dioxide 

 

 





Chapter VIII – Electrodeposition of titanium dioxide 

 

137 | P a g e  
 

8. Results and discussion 

Titanium dioxide (TiO2) films due to their high chemical and physical stability have 

a wide range of applications such as electronic devices, photocatalysis, sensors, solar 

cells, electrochromic devices, etc. [1, 2]. Many methods can be used to prepare TiO2 

films such as chemical vapour deposition, screen printing, sol-gel or electrodeposition 

[3-5]. When compared to the other methods electrodeposition has several advantages, 

such as the properties of the film produced can be easily controlled by modifying the 

deposition parameters, allow the deposition on a large variety of substrates, etc. [5].  

According to the literature, the properties of the TiO2 coatings are strongly related 

with the method, experimental conditions and precursor used and they can be easily 

prepared using TiCl4 as the precursor. TiO2 films can be formed by particles with 

different crystalline structures such as anatase, rutile or brookite, even though anatase 

is the crystalline form more relevant for photocatalysis and solar energy applications 

[6].  

Together with the economic and environmental awareness [7], the development of 

new and less hazardous plating media has been a subject that attracted the attention 

of the academic and industrial community. In this regard, towards the replacement of 

hazardous plating baths, remarkable advances have been achieved by using a new 

class of solvents called room temperature ionic liquids (RTILs).  

RTILs have unique properties (wide potential window, low/negligible volatility, high 

solubility of metal salts, etc.) that make them an attractive alternative media for several 

applications including electrodeposition [8-10]. 

The use of this new class of solvents allowed the direct electrodeposition of metal 

oxides such as NiO or ZnO without the formation of metal hydroxides [11, 12]. 

To our best knowledge, there are few reports in the literature discussing the 

electrochemical characterization of titanium salts using ionic liquids. 

Abbott et al. [13] have tried to deposit titanium from aromatic solvents and reported 

that no substantial deposit of titanium was obtained. Nevertheless, they reported some 

data claiming the deposition of titanium using small quantities of silver or copper ions, 

which acted as additives. Nevertheless, no significant amount of deposit was obtained. 

Alternatively, Haarberg et al. [14] used a molten salt formed by a eutectic mixture KCl-

LiCl containing TiCl2/TiCl3 mixtures at temperatures between 450 and 800 ºC. From the 

CV data, it is possible to identify the existence of two cathodic processes which were 

attributed to the reduction of Ti(III) to Ti(II) and Ti(II) to Ti, respectively. The deposit 

was reported to be porous and in some cases dendritic and spongy. Later, Uda et al. 

[15] proposed the formation of titanium films by galvanic contact deposition based on 
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the disproportionation of Ti (II) in NaCl-TiCl2 at 927 ºC. However, instead of pure 

titanium a titanium-rich alloy with 15–16 mol% Fe was obtained. Despite these 

promising results, molten salts are difficult to handle and required the use of high 

temperatures. 

Mukhopadhyay et al. [16] tried to deposited titanium using 1-methyl-3-butyl-

imidazolium bis(trifluoromethylsulfonyl) amide ([BMIm][Tf2N]) containing TiCl4. The 

voltammetric data showed that the reduction of titanium occurs in a two-step reaction. 

Initially Ti(IV) is reduced to Ti(II) and then Ti(II) to Ti. Furthermore, using in situ STM 

analysis they found indications about the formation of a thin layer of metallic titanium. 

In contrast, in 1-butyl-2,3-dimethyl imidazolium tetrafluoroborate ([BMMIm][BF4]) the 

reduction of Ti(IV) to Ti was found to proceed via the sequence of one-electron step 

overlapped by disproportionation reactions of the intermediates [17]. However, the bulk 

deposition of titanium was never achieved. Endres et al [18] have reported an 

extensive study on the deposition of titanium covering different titanium halides (TiCl4, 

TiF4, and TiI4) in several ionic liquids, namely 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)amide ([EMIm][Tf2N]), 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethyl-sulfonyl)amide ([BMP][Tf2N]) and trihexyltetradecyl-phosphonium 

bis(trifluoromethylsulfonyl)amide ([P14,6,6,6][Tf2N]). They have concluded that the 

deposition of titanium from its halides is not readily attainable due to the low solubility 

of titanium chloride intermediates. In situ STM analysis showed that only an ultrathin 

layer of Ti or TiClχ could be obtained. Recently, an attempt was made to evaluate the 

possibility of obtaining metallic Ti in absence of Cl- anions [19]. To do so, the authors 

used TiF4 in [BMMIm][BF4]. They reported that for high concentrations of the metal 

halide the liquid became chemically unstable due to a reaction between the TiF4 and 

BF4ˉ anion. This is somehow expected since the ionic liquids formed with BF4ˉ anion 

are known to be quite unstable [20, 21], nevertheless the authors manage to perform 

some electrochemical measurements. From the data collected they found out that the 

reduction of TiF4 followed a sequence of one-electron step reaction (Ti(IV) → Ti(III) → 

Ti(II) → Ti(I) → Ti) and the intermediates formed were poorly soluble in this ionic liquid. 

Depending on the experimental conditions, powder or coherent deposits were 

obtained. 

Considering the broad filed of application of titanium dioxide films, the objective of 

this work is to present an innovative route to prepare TiO2 using TiCl4 as the precursor 

and the deep eutectic solvent formed between choline chloride and ethylene glycol in 

the proportion of Ch:EG as the plating solution. Deep eutectic solvents are a class of 

ionic liquids with similar properties to those of the ionic liquids formed of discrete ions 
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but much cheaper to make and less sensitive to the presence of water [22, 23]. The 

electrochemical behaviour of TiCl4 was investigated by cyclic voltammetry and the 

nucleation and growth process was investigated using current-time transients. The 

titanium dioxide films were characterized by means of SEM and XRD. 

8.1. Results and discussion 

8.1.1. Electrodeposition of TiO2 from ChCl-EG 

The TiCl4 precursor is unstable in the presence of water, even in the presence of 

trace water, therefore it’s stability in ChCl-EG was evaluated. TiCl4 can be successfully 

dissolved in the deep eutectic solvent used in this work and remain stable within the 

frame time of the experiments. Furthermore, it was not observed any precipitate in the 

solution even after the addition of up to 100 mM of water to the ChCl-EG solution 

containing 0.4 M of TiCl4. Experiments were performed to estimate the solubility of 

TiCl4 in ChCl-EG at 70 ºC. From these experiments, it was possible to prepare a 

solution of TiCl4 in ChCl-EG with a concentration of approximately 2 M. 

The cyclic voltammograms of 0.4 M of TiCl4 in ChCl-EG recorded on a Ni substrate 

at different scan rates are shown in Fig. 8.1. 

 

 

Fig. 8. 1 – Cyclic voltammograms of 1:2 ChCl-EG containing 0.4 mol dm-3 TiCl4 on Ni 
substrate at 70 ºC at different scan rates. 

 

All voltammograms exhibited two different cathodic processes, suggesting the 

electrochemical reduction of Ti(IV) occurs via a two-step process. According to the 
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works found in the literature about the reduction of titanium using [EMIm][Tf2N] [18] and 

[BMIm][BTA] [16] we can attribute the first reduction peak (C1) to the reduction of Ti(IV) 

to Ti (II). Reversing the scan at different potentials allowed us to attribute the peak A1 

as the anodic counterpart of the peak C1. Thus the peak A1 can be attributed to the 

oxidation of Ti(II) to Ti(IV).  

The anodic counterpart of peak C2 was not obtained, and SEM analysis performed 

to the nickel substrate after applying a potential of -1.600 V for 30 min did not show the 

presence of any titanium particles. Therefore, this peak cannot be assigned to the 

reduction of Ti(II) to Ti. According to EQCM data obtained in [EMIm][Tf2N] reported by 

[18], this peak can be assigned to the formation of soluble subvalent TiClχ species. In 

addition, it was not observed the formation of a plateau on the CV, which is indicative 

of electrode passivation due to the formation of insoluble TiCl3 species on top of the 

electrode surface. 

Titanium forms stable complexes with O- or N- bond donor ligands [24] therefore 

the following electrochemical experiments were carried out using Na3HEDTA or 

ethylenediamine (EN) as O- and N- bond donor ligands, respectively. 

8.1.2. Electrodeposition of TiO2 from ChCl-EG with Na3HEDTA.  

Previous work [25] on the deposition of tin using Na3HEDTA showed that this 

additive had a strong effect on the metallic complexes formed in solution and also on 

the deposit morphology. 

The CV response for the Ti electrodeposition in 1ChCl:2EG-TiCl4 system on a Ni 

substrate in the presence of Na3HEDTA is shown in Fig. 8.2.  

It is evident the presence of two cathodic processes, however the addition of this 

additive modifies the CV profile of the titanium in solution. The first reduction process is 

observed at about -0.367 V and the second reduction process at about -1.218 V. The 

first reduction process, previously assigned to the reduction of Ti(IV) to Ti(II), has now 

a shape closer to a wave. According to previous work [25], Na3HEDTA formed a more 

stable complex with tin which displaced the reduction potential to more negative 

values. In this way, the presence of this additive may have resulted in the formation of 

a more stable titanium complex. In the anodic branch, it is clearly seen a small wave at 

about -0.182 V that can be assigned to the oxidation of Ti(II) to Ti(IV). 

Fig. 8.3A shows the SEM image of the electrode surface after being applied a 

potential of -1.600 V for 30 min. It is clearly seen the existence of aggregates of 

particles on top of the surface. EDS (Fig. 8.3B) analysis of the marked area indicated 
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titanium as the main component, however these residues cannot be considered an 

electrodeposit. Instead, they resemble the precipitation of an insoluble Ti species. 

 

 

Fig. 8. 2 – Comparison of CVs of TiCl4 in 1:2 ChCl-EG in the absence (black 
continuous curve) or in the presence of 0.2 mol dm-3 of Na3HEDTA (red dashed curve) 
at 70 ºC on a Ni substrate. Scan rate: 0.05 V s-1. 

 

 

Fig. 8. 3 – Surface morphology of the titanium deposit obtained by potentiostatic 
deposition at -1.6 V during 30 min from 1:2 ChCl-EG containing 0.4 mol dm-3 of TiCl4 

and 0.2 mol dm-3 of Na3HEDTA at 70 ºC. 

 

A 
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(Fig. 8.3 cont.) 

 
Fig. 8. 3 – Surface morphology of the titanium deposit obtained by potentiostatic 

deposition at -1.6 V during 30 min from 1:2 ChCl-EG containing 0.4 M of TiCl4 and 0.2 

M of Na3HEDTA at 70 ºC. 

 

8.1.3. Electrodeposition of TiO2 from ChCl-EG with ethylenediamine.  

It has been reported that the addition of EN to the plating bath had a strong effect 

on the metal speciation and the deposit morphology [26, 27]. 

The CV response for the Ti electrodeposition in 1ChCl:2EG on a Ni substrate in the 

presence of EN is shown in Fig. 8.4.  

 

 

Fig. 8. 4 – Comparison of CVs of TiCl4 in 1:2 ChCl-EG in the absence (black 
continuous curve) or in the presence of 0.3 mol dm-3 of EN (red dashed line) at 70 ºC. 
Scan rate: 0.05 V s-1. 

 

 

 

 

B 
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The CV shows two cathodic processes, one at about -0.230 V and the second one 

at about -1.119 V. However, in comparison to the CV obtained in the additive-free 

solution it is clear that the addition of EN modifies the voltammetric profile the titanium 

ions in solution. Similar to what was seen in the CV recorded in the presence of 

HEDTA3- the first reduction peak is much different when compared to the CV obtained 

for the additive-free solution. Reversing the direction of the scan we can see two 

anodic processes, one at a potential of about -0.876 V and the second at a potential of 

about -0.288 V. Using this experimental conditions, we found evidence regarding the 

formation of a titanium film. 

Fig. 8.5A shows an example of a Ni plate immersed in EN-ChCl-EG bath containing 

0.4 M of TiCl4 at 70 ºC after applying a potential of -1.600 V during 30 min. As it can be 

seen, a light brown, thin and adherent film was obtained which resembles sub-micron 

TiO2 coatings. This specimen was analysed by means of electronic microscopy and an 

example of the SEM image obtained is depicted in Fig. 8.5A. It can be seen that the 

deposit obtained is formed by agglomerates of small crystallites without a defined 

shape. The EDS analysis of the deposit displayed in Fig. 8.5B showed the presence of 

titanium and oxygen with an atomic percentage of 3.83 and 16.04 at%, respectively. 

These atomic percentages are compatible with the formation of TiO2 film. 

 

 

Fig. 8. 5 – Surface morphology of the titanium dioxide deposit obtained by 
potentiostatic deposition at -1.6 V during 30 min from 1:2 ChCl-EG containing 0.4mol 
dm-3 of TiCl4 and 0.3mol dm-3 of EN at 70 ºC. 

 
 
 
 
 

 

A 
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(Fig. 8.5 cont) 

 
Fig. 8. 5 – Surface morphology of the titanium dioxide deposit obtained by 

potentiostatic deposition at -1.6 V during 30 min from 1:2 ChCl-EG containing 0.4mol 

dm-3 of TiCl4 and 0.3mol dm-3 of EN at 70 ºC. 

 

In order to gather information regarding the crystallinity of the deposit, X-Ray 

diffraction (XRD) patterns were recorded and showed in depicted in Fig. 8.6. 

 

 

Fig. 8. 6 – XRD patterns of the TiO2 layer showed in Fig. 5 without annealing (1), after 
annealing in argon atmosphere at 600 ºC for 1h (2), after annealing in air atmosphere 
at 600 ºC for 1h (3). 

 

It can be observed that the as-prepared film did not originate the characteristic 

diffraction patterns assignable to titanium dioxide. In order to improve the crystallinity of 
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the deposit two sets of samples were annealed for 1h at 600 ºC, one in air atmosphere 

and the other in argon atmosphere. The XRD analysis the annealed samples showed 

the diffraction signals assignable to TiO2 indexed as (102), (221) and (061) planes of 

the orthorhombic variant called brookite (according to the Pearson's Crystal database). 

These results indicate that the initially prepared deposit was amorphous TiO2. 

The deposition mechanism was investigated by chronoamperometric 

measurements by stepping the potential from 0 V to a potential region where the 

deposition occurs and the group of the current transients obtained are depicted in Fig. 

8.7a. 

Transients depicted in Fig. 8.7a displays a hump defined by a current density 

maximum (jm) obtained at a given time tm where jm increases and tm diminishes by 

applying a more negative potential. This is a typical behaviour of a nucleation process 

associated with a metal deposition. 

 

 

Fig. 8. 7 – (a) Current transients obtained during electrodeposition of TiO2 from 0.4 mol 
dm-3 TiCl4 in 1:2 ChCl-EG containing 0.3 mol dm-3 of EN at 70 ºC at different step 
potentials; (b) fit of the experimental current transient obtained at -1.550 V using Eq. 
(9.1). 
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(Fig. 8.7 cont.) 

 

Fig. 8. 7 – (a) Current transients obtained during electrodeposition of TiO2 from 0.4 mol 

dm-3 TiCl4 in 1:2 ChCl-EG containing 0.3 mol dm-3 of EN at 70 ºC at different step 

potentials; (b) fit of the experimental current transient obtained at -1.550 V using Eq. 

(8.1). 

 

Preliminary information regarding the nucleation and growth mechanism, the 

transients were fitted considering the contributions of the double layer charging (Idl), a 

2D instantaneous nucleation process including lattice incorporation (I2Di LI) and a 3D 

diffusion-limited nucleation and growth process (I3D). Thus, the overall current can be 

described by: 

Itotal = Idl + I2Di-LI + I3D                                                     (8.1) 

A more comprehensive description of the different contributions in Eq. (1) can be 

found in the literature [28, 29].  

As example, the fitting of the experimental transient obtained at -1.55 V by Eq. (8.1) 

is shown in Fig. 8.7b. A good fitting of the experimental data in the potential range 

studied can be obtained using the Eq. (8.1). From the fitting parameters, an average 

diffusion coefficient of 2.2x 10-7 cm2 s-1 can be estimated which is in the same order of 

magnitude of the data reported in the literature in [BMIm][BTA] ionic liquid [16]. For the 

nucleation rate, we obtained values of A ~ 10-2 s-1 which are in the same order of 

magnitude in comparison to data reported in the same ionic liquid [16]. The density 

number of active nucleation sites were estimated to be N0 ~ 106 cm-2. This value are 

lower by three orders of magnitude in comparison to the values obtained in 
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[BMIm][BTA] [16], which can be related the different characteristics of the ionic liquid 

and the substrate used. Table 8.1 summarises the values of D, N0 and A obtained for 

each potential studied.  

Table 8. 1 – Potential dependence for the parameters for the deposition of TiO2 in the 
presence of EN according to Eq. (9.1).  

E / V D 10-7 / cm2 s-1 N0 106 / cm-2 A 10 -2 / s-1 

-1.400 1.61 1.04 1.24 
-1.450 2.37 1.36 1.28 
-1.500 1.96 1.50 1.31 
-1.550 2.14 1.80 1.31 
-1.600 2.30 1.99 1.32 

 

8.1.4. Electrodeposition of TiO2 from TiCl4 in the presence of LiF.  

The addition of EN to the plating bath allowed the formation of a thin TiO2 film. It 

has been reported that the deposition of tantalum could only be achieved with TaF5 but 

not with TaCl5 [30]. This can be related to the lower tendency of fluoride to form 

subvalent species when compared to chloride [18]. 

In this way, the voltammetric response of titanium dissolved in 1ChCl:2EG using 

different concentrations of LiF ranging from 0.2 to 0.6 M was evaluated and the 

voltammograms obtained are depicted in Fig. 8.8. 

 

 

Fig. 8. 8 – Comparison of CVs of TiCl4 in 1:2 ChCl-EG containing different 
concentrations of LiF at 70 ºC. Scan rate: 0.05 V s-1. 
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The presence of the F- anion did not change the overall profile of the CV as shown 

in Fig. 9.8. However, the peak current densities became smaller as the concentration of 

LiF increases. This can be related to the formation of some Ti-F species that could be 

more stable when compared with the Ti-Cl species.  

In order to assess the possibility to obtain a titanium film a Ni plate was immersed 

in LiF-ChCl-EG-LiF system at 70 ºC containing 0.4 M of TiCl4 and 0.6 M of LiF and then 

applied a potential of -1.600 V during 30 min and the deposit obtained is illustrated in 

Fig  8.9. 

A thin and adherent film with occurrence of some iridescence similar to TiO2 

coatings was obtained, as shown in Fig. 8.9A. The deposit was also examined by 

electronic microscopy and it can be seen that it is formed by small particles without 

defined shape. Furthermore, cracks can be seen along the deposit that could be 

originated by internal stress caused by the high temperature used to produce the 

coating. Similar surface morphology was reported by Zhang et al. [31] for the TiO2 films 

obtained by liquid phase deposition. EDS analysis of the deposit identified displayed in 

Fig. 8.9B shows the presence of titanium and oxygen with atomic percentages of 3.13 

and 19.66 at%, respectively which is compatible with the presence of a titanium dioxide 

film. 

 

 

Fig. 8. 9 – Surface morphology of the titanium dioxide deposit obtained by 
potentiostatic deposition at -1.600 V during 30 min from ChCl-EG containing 0.4 mol 
dm-3 of TiCl4 and 0.6 mol dm-3 of LiF at 70 ºC. 
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Fig. 8. 9 – Surface morphology of the titanium dioxide deposit obtained by 

potentiostatic deposition at -1.600 V during 30 min from ChCl-EG containing 0.4 mol 

dm-3 of TiCl4 and 0.6 M of LiF at 70 ºC. 

 

Following the same procedure described before we heat-treated the sample at 600 

ºC during 1h in air atmosphere and in argon atmosphere. The XRD data obtained after 

annealing the samples are depicted in Fig. 8.10. 

The XRD revealed diffraction signals assignable to TiO2 indexed as (102), (221) 

and (061) planes of the orthorhombic variant called brookite (according to the 

Pearson's Crystal database). These results indicate that the initially prepared deposit 

was amorphous TiO2. 

 

Fig. 8. 10 – XRD patterns of the TiO2 layer showed in Fig. 9.9 without annealing (1), 
after annealing in argon atmosphere at 600 ºC for 1h (2), after annealing in air 
atmosphere at 600 ºC for 1h (3). 
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In order to have preliminary information regarding the deposition mechanism, it was 

recorded a group of current vs. time transients by stepping the potential from 0 V to a 

potential region where the deposition occurs. The data obtained are depicted in Fig. 

8.11a on which it can be seen two humps that for more negative potentials they are 

more pronounced. 

 

 

 

Fig. 8. 11 – (a) Current transients obtained during electrodeposition of TiO2 from 0.4 
mol dm-3 TiCl4 in 1:2 ChCl-EG containing 0.6 mol dm-3 of LiF at 70 ºC at different step 
potentials; (b) fitting of the experimental current transient obtained at -1.600 V using 
Eq. (8.1). 
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The experimental data were fitted using Eq. 8.1 and as example, Fig. 8.11b shows 

the fitting of the experimental transient obtained at -1.600 V. As it can be seen, the 

theoretical model used fits well the experimental data in the potential range studied. 

From the fitting parameters, we could estimate a diffusion coefficient of D ~ 10-8 cm2 s-1 

which is one order of magnitude lower than the values previously found for the diffusion 

of Ti species in the presence of EN. For the nucleation rate, we could obtain values of 

A ~ 10-3 s-1 which is one order of magnitude lower in comparison to the values found for 

the ethylenediamine containing bath. The density number of active nucleation sites 

were estimated to be N0 ~ 106 cm-2 that are in the same order of magnitude in 

comparison to the values previously found. Table 2 summarises the values of D, N0 

and A obtained for each potential studied. 

The underlying electrochemical mechanism for the formation of TiO2 is a complex 

subject. From the literature [32] the decomposition of ChCl or EG will not result in any 

specie that could promote the formation of TiO2. Similar to what is described in the 

literature[33] we believe that traces of water, existing near the electrode surface are 

reduced and the O2- produced will precipitate titanium(IV) at the electrode surface, 

forming the layer of titanium dioxide. However, this can only occur if ethylenediamine or 

LiF were added to the plating solution.  

 
Table 8. 2 – Potential dependence for the parameters for the deposition of TiO2 in the 
presence of LiF according to Eq. 9.1.  

E / V D 10-8 / cm2 s-1 N0 106 / cm-2 A 10 -3 / s-1 

-1.400 7.13 1.16 6.49 
-1.450 1.13 1.28 7.00 
-1.500 1.01 1.93 7.37 
-1.550 2.75 2.40 8.04 
-1.600 3.56 2.74 8.17 

 

8.2. Summary 

In this work, the electrochemical characteristics of deep eutectic solvent formed 

between choline chloride and ethylene glycol containing TiCl4 were evaluated. The 

cyclic voltammograms obtained for 1ChCl:2EG system containing TiCl4 did not show 

clear evidence regarding the titanium deposition.  

In this way, the studies about the titanium deposition proceeded using either O- or 

N- bond donor ligands.  

HEDTA3- was used as O- bond donor ligand resulting in the precipitation of some 

insoluble form of titanium formed due to the presence of HEDTA3-.  
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Using ethylenediamine as N- bond donor ligand it was obtained a light brown thin 

film formed by small particles. Transient analysis showed that the nucleation and 

growth mechanism involves the contributions of a 2D nucleation including lattice 

incorporation and a 3D diffusion-limited nucleation and growth mechanism. 

A thin film, showing some iridescence was obtained in the presence of LiF. SEM 

images showed that this deposit was formed by small particles without a defined 

shape. Transient analysis revealed the contributions of a 2D nucleation including lattice 

incorporation and a 3D diffusion-limited nucleation and growth processes. 

After annealing the samples, the XRD analysis displayed three diffraction signals 

assignable to the orthorhombic variant of TiO2 called brookite. 

Summarising, our results show that the electrodeposition of titanium dioxide from 

TiCl4 in the eutectic system ChCl-EG is not readily attainable. The addition of 

ethylenediamine or LiF allowed the electrodeposition of amorphous sub-micron TiO2 

film. The formation of the of amorphous sub-micron TiO2 film at the electrode surface 

most probably results from the reduction of traces of water in the ChCl-EG system. 

However, only the presence of ethylenediamine or LiF can provide the experimental 

conditions for the formation of TiO2 film. 
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9. Final considerations and outlook 

The aim of this thesis was to study the metal deposition from two DESs, ChCl-EG 

and ChCl-urea. The systems used for metal deposition have a large number of 

variables. The results reported in this work described the effect of using different type 

of DES, the addition of additives and the metal composition. This work did not optimize 

all the parameters mentioned however, some general conclusions can be drawn. 

In case of zinc deposition, the results presented in Chapter IV evidenced the 

influence of adding the organic additives acetamide, dimethylacetamide and DMSO 

into the plating solution. The results showed that the morphology of the deposits 

obtained was modified by type of additive used. X-Ray analysis evidenced the grain 

refinement nature of DMSO, which produced the deposit with the smaller grain size of 

31.7 nm. Moreover, the deposit obtained using DMSO as additive was the most 

corrosion resistant coating. 

In case of Zn-Ni deposition, the results presented in Chapter V are complementary 

work to previous studies found in the literature. It was reported the major effect of 

ethylenediamine on the properties of nickel deposits and on nickel speciation. In the 

same line, the results presented in this chapter showed the influence of the amines 

ethylamine and ethylenediamine on the deposition of Zn-Ni films. The addition of 

amines improved the coverage of the substrate and the deposit obtained was formed 

by globular particles in case of using ethylamine and hexagonal platelets in case of 

using ethylenediamine. Regarding the corrosion protection, Zn-Ni film obtained in the 

presence of ethylenediamine was the best performing coating with Ecorr of -0.992 V (vs. 

CE(ChCl)). 

In case of Mn-Sn deposition, the results presented in Chapter VI evidenced the 

importance of the nature of the DES used, which is even more important when 

depositing a metallic alloy. Using ChCl-urea as the plating bath, the amount of tin in the 

Mn-Sn deposits was limited to a maximum of 6.7 wt% whereas using ChCl-EG the 

amount of tin in the deposited varied between 33.2 and 59.0 wt%. In the same chapter, 

the importance of the amount of metal salt dissolve in solution was also evidenced. The 

morphology of the deposit changed with respect to the amount of tin incorporated in the 

deposit. Changing from irregular and formed by globular particles for the deposits with 

richer in manganese to uniform coatings as the amount of tin in the deposit increased. 

In contrast, the morphology of the deposits obtained from ChCl-urea was not modified 

by changing the amount of tin. The X-Ray analysis showed that a mixture of crystalline 

Sn and intermetallic MnxSny phases formed the deposits. 
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In case of Co-Sn deposition, the results reported in Chapter VII described the 

deposition of Co-Sn alloy from –EG and –urea based DESs.  The morphology and 

phase structure were highly influenced by the DES used and by the metallic 

composition of the film. The magnetic properties of the films obtained were evaluated 

and the coercivities measured were similar for both set of samples, even though they 

were higher for the samples prepared with ChCl-EG. Analysing the anti-corrosion 

performance of the samples obtained the best performing specimen with an Ecorr. of -

711 mV had 55 wt% of tin for the sample obtained from ChCl-EG. In case of the 

samples obtained from ChCl-U the best performing coating was composed by 49 wt% 

of tin and with an Ecorr. of -687 mV. 

In case of cobalt composite, Chapter VIII reported the deposition of cobalt with the 

incorporation of MWCNTs. The results showed that ChCl-U was an excellent medium 

to disperse easily the nanotubes. The Raman and XRD data confirmed the presence of 

nanotubes within the metallic matrix and thus the formation of a Co composite was 

achieved. The insertion of these particles contributed to the decrease of the deposit’s 

roughness, even though the films obtained appeared to be less compact when 

compared to pure Co samples. From the corrosion tests, Co-MWCNTs films appeared 

to have a slightly better corrosion resistance when compared to pure Co samples, 

especially for long-term exposure. 

In case of TiO2, Chapter IX proposes an alternative route for the electrodeposition 

of titanium dioxide films. The results reported in this chapter showed that the deposition 

is only achievable if ethylenediamine or LiF were added to the plating solution. The as-

prepared film was amorphous and after annealing, it was obtained the orthorhombic 

variant of TiO2 called brookite. 

The results reported in this thesis showed the complexity of the electrodeposition 

process in DESs. Also reported was the importance of the solvent used, the additives 

and the metal concentration on the electrodeposition mechanism and deposit’s 

properties. It would be useful further studies using different DESs as platting bath as 

well as using other additives.  

It was shown the incorporation of MWCNTs into the metal matrix. One aspect that 

still needs to be investigated is the use of surface modified CNTs that might improve 

the interaction of the nanotubes with the metal matrix. Some other important aspects 

should be considered such as the investigation of other different DESs as dispersion 

media for CNTs, the electrodeposition of their composites based on other metallic 

matrixes such as tin and silver alloys. 
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The preliminary results presented in this thesis for the electrodeposition of titanium 

dioxide need further studies. It would be important to clarify the effect of LiF and 

ethylenediamine and to study other different DESs and additives. It is likely that a 

unique additive-DES system will have to be developed to improve the quality of the 

TiO2 film.  

Finally, this thesis highlighted the importance to continue to investigate the metal 

deposition from DES. 


