
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ELECTROCHEMICAL 

DEPOSITIONS IN IONIC LIQUIDS 

Peter DE VREESE 

Supervisors: 
Prof. dr. K. Binnemans 
Dr. ing. E. Matthijs 

Members of the 
Examination Committee: 
Prof. dr. W. Dehaen 
Prof. dr. ir. J. Fransaer 
Prof. dr. S. De Feyter 
Prof. dr. T. Verbiest 
Prof. dr. T. Vogt 
Prof. dr. ir. M. De Bonte 
Prof. dr. P. Nockemann 

Dissertation presented in 
partial fulfilment of the 
requirements for the 
degree of Doctor in 
Science 



 

 

 

© 2013 KU Leuven, Science, Engineering & Technology 

Uitgegeven in eigen beheer, Peter De Vreese, Zolderstraat 13, 8553 Otegem. 

Alle rechten voorbehouden. Niets uit deze uitgave mag worden vermenigvuldigd 
en/of openbaar gemaakt worden door middel van druk, fotokopie, microfilm, 
elektronisch of op welke andere wijze ook zonder voorafgaandelijke schriftelijke 
toestemming van de uitgever. 

All rights reserved. No part of the publication may be reproduced in any form by print, 
photoprint, microfilm, electronic or any other means without written permission from 
the publisher. 
 
ISBN 978-90-8649-645-7 
D/2013/10.705/60 

 

 

 

 

 



 

 

 

Acknowledgements 

“A journey of a thousand miles begins with a single step” – Chinese proverb 

A good way to conclude my years as a PhD student is to thank all those 

people who have helped me to this point. So before I take the next step 

into the world beyond... 

First and foremost, I would like thank my promotors prof. dr. Koen 

Binnemans and dr. ing. Edward Matthijs. This work would simply not exist 

without their continuing support, inspiration and excellent guidance. Next, I 

thank my assessors prof. dr. ir. Jan Fransaer for his great expertise and the 

many useful PhD meetings and prof. dr. Steven De Feyter for his support. 

Also, I am grateful for the input and remarks of the examination board. The 

IWT (het Agentschap voor Innovatie door Wetenschap en Technologie) is 

kindly acknowledged for their financial support via the SBO-project 

“Materials Processing in Ionic Liquids” (MAPIL). 

I would also like to thank my colleagues at KAHO St.-Lieven, especially Luc 

Pinoy, Davy Bonny, Karel Ghyselbrecht, Kwinten Clauwaert from the lab, 

but also Ilse Van de Voorde and Kurt Haerens for the many on- and off-topic 

discussions. A special work of thanks goes to Ganapathi Murugan, for 

always being enthusiastic whenever I popped into his office to give him 

even more work than he already had. 

During my PhD research, I didn’t only gain scientific knowledge. There is a 

life besides chemistry. I thank all my friends, especially: Bruno, David, 

Gregory, Jana, Joren, Joris, Martijn, Simon and Valerie, for bearing with me 

through some rough but also countless fun and precious moments. It is my 

wish and hope that our friendship lasts. And just because I’ll never forgive 

myself if I don’t put this here: Lynn, thank you for everything! 

Finally, I would like to express my gratitude to my family for their endless 

support. I thank my parents for giving me all the best opportunities in life. 



 

 

Of course, there are those who supported me and my work in various ways. 

I apologize that I cannot name you all, but I kindly acknowledge your help 

and support.  

Thank you! 

Peter De Vreese Gent, September 2013 

 

 

 

 

 

 



 

i 

 

Samenvatting 

Dit werk behandelt verschillende aspecten van de elektrodepositie van 

metalen en legeringen in ionische vloeistoffen. Eerst werd de 

elektrodepositie van messing uit choline-acetaat bestudeerd. Daarna werd 

ook de afzetting van molybdeen uit ionische vloeistoffen gebaseerd op zink- 

en tetraalkylfosfoniumchloride behandeld. Bij ieder onderzocht aspect 

speelde de invloed van water, hetzij als component van het elektrolyt of als 

onzuiverheid, een belangrijke rol. Bij de vergelijking van elektrochemische 

processen zoals bijvoorbeeld elektrodeposities, worden de aanbevelingen 

van IUPAC gevolgd. Deze methode werd aangepast om de specifieke 

problemen in ionische vloeistoffen aan te pakken. In een appendix wordt de 

aangepaste methode die gebruik maakt van square wave voltammetrie, 

geverifieerd in drie verschillende ionische vloeistoffen. 

De mogelijkheid om koper-zink legeringen af te zetten uit mengsels van 

choline chloride met koper(II)chloride dihydraat en watervrij zinkchloride 

werd onderzocht. In een mengsel van choline chloride en koper(II)chloride 

dihydraat met 1:2 molverhouding werd aangetoond dat drie chloride-ionen 

en één watermolecule coördineert rond het centrale koper(II)-ion. 

Afzettingen van koper uit dit mengsel waren echter poedervormig. Daarom 

werden koperzouten toegevoegd aan mengsels van cholinechloride met 

watervrij zinkchloride. Een optimum tussen het verlagen van de viscositeit 

en verschuiving van de solventlimiet aan de kathodische zijde (de 

elektrodepositie van zink) werd gevonden bij een watergehalte van 20 

gew%. Door koper(I)chloride of koper(II)chloride dihydraat toe te voegen, 

werden koper-zink legeringen afgezet met samenstellingen gaande van 15 

tot 90 gew% koper. Op staaldraad werden enkel slecht hechtende deklagen 

bekomen. Toevoegen van complexvormers bracht geen verbetering in de 

morfologie, noch de hechting. Vermoedelijk is de hoge chlorideconcentratie 

in deze ionische vloeistoffen de oorzaak. Daarom werd overgestapt naar 

het chloridevrije choline-acetaat. In choline-acetaat met 20 gew% water 

werden zeer dunne, goudgele lagen afgezet. Door toevoeging van 

triëthanolamine, in waterig milieu een sterker complexvormer voor koper 

dan voor zink, werden koper-zink afzettingen tot 200 nm dik met een goede 

hechting aan staal bekomen. Deze afzettingen hadden een samenstelling 
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van 90 gew% koper. Het poedervormig worden van de afzetting bij 

afzettingstijden langer dan 300 seconden, werd verholpen door toevoeging 

van 8 mg dm-3 polyvinylalcohol. Dit is een typisch additief voor de afzetting 

van zink uit waterig milieu. Hierdoor werden glanzende lagen tot 1 μm 

bekomen. 

De literatuurmethoden over het afzetten van molybdeen uit gesmolten 

alkalihaliden op 250 °C werd experimenteel gecontroleerd. In een ZnCl2-KCl-

NaCl mengsel werd dan KCl en NaCl vervangen door 

tetraalkylfosfoniumchloride, waardoor een verlaging van de 

werkingstemperatuur tot 200 °C werd verwezenlijkt. Op nikkel, werden in 

dit mengsel echter subvalente molybdeenchloriden afgezet. Door 

toevoeging van KF aan een mengsel van tetrabutylfosfoniumchloride en 

zinkchloride in een 1:2 molverhouding, werd een niet-uniforme afzetting 

van metallisch molybdeen bekomen. Om gelijktijdig de 

afzettingstemperatuur en de activiteit van chloride in het mengsel te 

verlagen werd het laag-smeltende trihexyl(tetradecyl)-

fosfoniumdicyanamide toegevoegd. In dit verdunde mengsel resulteerden 

afzettingen op 150 °C in de vorming van subvalente molybdeenchloriden. 
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Abstract 

In this PhD thesis, several aspects of the electrodeposition of metals and 

alloys in ionic liquids were investigated. First, the deposition of brass from 

choline acetate was studied. Secondly, the electrodeposition of pure 

molybdenum from ionic liquids based on phosphonium chloride and zinc 

chloride was treated. In each case, the influence of water, either as a main 

constituent of the electrolyte or an impurity, was investigated. When 

comparing electrochemical processes such as electrodepositions, in 

different solvents, a method for reporting electrode potentials is 

recommended by IUPAC. This method was adapted to tackle problems 

specific to ionic liquids. A validation of the use of square wave voltammetry 

for this purpose in three ionic liquids was added in an appendix. 

Choline chloride mixtures with copper(II) chloride dihydrate and anhydrous 

zinc chloride were prepared for electroplating brass. In case of a 1:2 molar 

mixture of choline chloride copper(II) chloride dihydrate, the coordination 

sphere of copper was identified to contain three chlorides and one water 

molecule. Copper depositions from this ionic liquid were powdery. 

Therefore, it was decided to start from mixtures of choline chloride with 

anhydrous zinc chloride as a solvent for the copper source. An optimum 

was found between low viscosity and an anodic shift of the cathodic solvent 

limit, which is the electrodeposition of zinc, by adding 20 wt% water to the 

mixture. The addition of copper(I) chloride or copper(II) chloride dihydrate 

resulted in deposits of copper-zinc alloys consisting of 15 to 90 wt% copper. 

On steel wires, only poorly adhering coatings were obtained. Complexing 

agents did not improve the appearance of the depositions. The high 

chloride concentration in these ionic liquids was thought to cause this poor 

morphology. A switch to choline acetate, a chloride-free ionic liquid, was 

made. In a mixture containing 20 wt% water, very thin gold-yellow coatings 

were obtained. Upon addition of triethanolamine, a stronger complexing 

agent for copper than for zinc in aqueous solutions, well-adhering copper-

zinc coatings on steel of up to 200 nm were deposited. The layers had a 

composition of 90 wt% copper and 10 wt% zinc, with a cathodic current 

efficiency of about 75%. The morphological instability, observed for 

deposition times longer than 300 seconds, was solved by the addition of 8 
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mg dm-3 polyvinyl alcohol, a primary brightener in the electroplating of zinc. 

Mirror-bright coatings of up to 1 μm were obtained. 

A verification of literature reports for the electrodeposition of refractory 

metals in alkali halide molten salts at 250 °C was performed. The deposition 

temperature was lowered to 200 °C by replacing the alkali halide part of a 

ZnCl2-KCl-NaCl mixture with phosphonium chlorides. A subvalent 

molybdenum chloride coating on a nickel substrate was obtained. Addition 

of an excess of KF to molybdenum chloride in a 1:2 molar mixture of 

tetrabutylphosphonium chloride:zinc chloride resulted in non-uniform 

deposits of metallic molybdenum.  In an attempt to further lower 

deposition temperatures and simultaneously reduce the chloride activity in 

the electrolyte, a low-melting trihexyl(tetradecyl)phosphonium 

dicyanamide was added. Depositions from this diluted mixture at 150 °C 

containing only subvalent molybdenum chlorides, not metallic 

molybdenum. 
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1.1. Electrodeposition 

For many applications it is required to deposit a metallic coating on top of a 

metallic or non-metallic substrate. Some typical objectives to do this are 

protection of the material against corrosion, improvement of electrical or 

thermal conductivity, reduction of wear or friction or improvement of the 

decorative appearance. Depending on the type, size and shape of the 

substrate and the metal that has to be deposited several techniques such as 

sputtering, chemical vapor deposition, physical vapor deposition or hot-dip 

galvanizing can be used. One particular convenient technique is 

electrodeposition where a direct current is used to deposit a metal from a 

liquid solution in which a salt of this metal has been dissolved. The direct 

current flows because of a potential difference applied between the anode 

and the cathode and in the ideal case, the electrons transferred from the 

negative electrode towards the solution enable the reduction of the metal 

ion in solution, thereby forming a metal phase onto the substrate. 

Electrodeposition or electroplating of metals has been investigated since 

1805 when Luigi Brugnatelli plated gold on silver substrates using a voltaic 

pile, invented by Allessandro Volta in 1800 [1]. The application on a larger 

scale is known since that era. Some important advantages of electroplating 

over other deposition techniques is the possibility to maintain the 

concentrations of the components in solution stable, the relatively low 

investment required and the easy control of the deposition by means of the 

potential [2]. 

The fundamental knowledge on the mechanisms behind the 

electrodeposition of metals is quite extended and has been reviewed by 

several authors [3]. In brief, theory states that the electrodeposition 

process is a crystallization of the metal at the surface of the substrate. 

Specific for this “electrocrystallization” is the dependence of the 

supersaturation of the solution on the overpotential and the simultaneous 

reduction of the metal ion during the phase transition. The process starts 

with the reduction of metal ions at the surface whereby adsorbed metal 

atoms or “adatoms” are formed. The interaction energy between the 
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adatom and the atoms of the surface is in most cases not sufficient to keep 

the adatom attached to the surface and it dissolves again. However, on 

specific sites such as imperfections in the crystal lattice of the substrate, 

multiple interactions occur between the adatom and the substrate and the 

adatom is stabilized. These specific sites are referred to as “kink sites”. 

Important examples are screw or step dislocations as illustrated in Figure 

1.1. The adatom can reach these sites because the deposition occurs there 

by coincidence or after diffusion over the surface. After incorporation of the 

adatoms in a kink site a stable nucleus can form, followed by growth of this 

nucleus. This will finally result in the formation of a metal crystal. 

 

 

Figure 1.1. Stabilization of adatoms at kink sites during the 

electrocrystallization process. 

 

After these initial stages of electrocrystallization the metal starts growing 

and other parameters rule the properties of the metal coatings [3, 4]. 

Usually coatings with a few micrometer thickness are targeted, but it is also 

required that the depositions are well-adherent, have a good appearance 

and are deposited with a high electrochemical efficiency. The 

electrodeposition of copper, nickel, zinc, gold, silver, lead, tin etc. from 

aqueous solutions are some important examples of metals that can be 

electrodeposited quite commonly nowadays on several substrates [2, 4]. 

But still many challenges remain. Several interesting metals are difficult or 

impossible to deposit from aqueous solutions. Several alloys can be 

deposited from aqueous solutions as well, but again the use of aqueous 

electrolytes limits the number of alloys that can be electrodeposited. In 
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paragraph 1.3. the most important alternatives for aqueous electrolytes are 

discussed. 

1.2. The growth of irregularities during electrodeposition 

and the use of additives 

� Surface morphology of metal electrodepositions 

Depending on the application, a specific surface morphology of the electro-

deposited metal coating is wanted. Except for applications such as 

electrorefining or electrowinning where spongy or granular depositions are 

acceptable, compact well-adhering coatings are targeted. Moreover, in 

most cases certain properties of the coatings such as high brightness, low 

coarseness, hardness, ductility etc. are required. Such properties are 

induced by the morphology of the deposited metal. It is therefore 

important to gain as much as possible control over the morphology of the 

coating. The main parameters that influence the morphology are the 

composition and the temperature of the bath, the applied current density 

and the presence of small amounts of organic products (occasionally 

inorganic compounds are effective as well), known as “additives” [2]. 

The formation of a metal electrodeposition with a particular morphology 

onto a foreign substrate occurs in distinguishable stages. In a first stage the 

electrodeposition encompasses the formation by electroreduction of 

adatoms of the depositing metal. A second stage involves the formation 

and growth of nuclei of the metal, which requires a substantial 

overpotential. In both stages the binding energy between substrate and 

metal and the difference of the atomic radii of the metals which determines 

the crystallographic fit between both metals, rule the process. When the 

interactions are strong and a good fit is possible, the depositing metal 

follows an epitaxial growth mode i.e. layer by layer the depositing metal 

builds up in the orientation of the substrate (Frank-van der Merwe growth 

mode). With strong interactions and a bad fit, the metal phase initially 

grows epitaxial, but when a few layers are deposited the influence of the 

strong interactions fade and three-dimensional nuclei grow on top 
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(Stranski-Krastanov growth mode). Weak interactions result in a three-

dimensional nuclei growth on the foreign substrate (Volmer-Weber growth 

mode) [3, 5]. 

The influence on the morphology of the metal deposition in these two 

stages is characterized by an interplay between formation and growth of 

the nuclei, which will finally determine the density of grains on the surface. 

If the rate of formation of nuclei is high the final number of nuclei will 

approach the number of active sites that are present on the surface. The 

amount of active sites depends on the state of the substrate. However, if 

the rate of formation of nuclei is low, the nuclei that form slowly start to 

grow, thereby depleting the electro-active material in the zone around each 

nucleus. In these “exclusion zones” it is less probable to form new nuclei as 

the concentration of metal ions is lower than the bulk concentration. Thus, 

finally the number of nuclei will not reach the maximum number defined by 

the number of active sites on the surface. However, the nuclei formed in 

this way will be bigger as compared to the situation of fast nucleation 

where the saturation density of nuclei is reached. Large nucleation rates are 

attained at high overpotentials, high exchange current densities of the 

metal reduction and high concentrations of the solution. Temperature 

dependence is somewhat more complicated as both the nucleation rate 

and the growth rate of the nuclei increase [3, 5]. The relative rate of 

nucleation and growth can be controlled as well by adding chelating agents 

to the solution, resulting in slower kinetics of the formation and growth of 

the nuclei. Additives can result in slower kinetics too by adsorption to the 

surface and thus hindering the access of electro-active material to the 

substrate, but other mechanisms are possible as well [6, 7]. 

As the coating grows thicker a third stage starts. The interactions between 

the substrate and the depositing metal now become negligible and the 

deposition continues to grow in the same way as it would when the 

substrate would be the native metal. In most applications smooth coatings 

are targeted and often brightness is wanted as well. However, this third 

stage is featured by the gradual development of irregularities. This is the 

result of differences in the transport of metal ions towards different 

locations on a small irregularity. For example, the extent of planar diffusion 
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of metal ions towards a cone-shaped irregularity on the surface diminishes 

from the bottom to the top when the thickness of the diffusion layer is 

clearly larger than the dimensions of the irregularity and at the top the 

diffusion regime is spherical, because of the small surface area of the top. In 

this way a tendency exists for small irregularities on the surface to grow 

into even more irregular entities. Thus, it can be expected that the 

roughness1 and the coarseness2 (defined as in Figure 1.2.) of an 

electrodeposition increase over time [5]. 

 

Figure 1.2. Models of surfaces with: a) the same roughness and 

different coarseness and b) the same coarseness and different 

roughness. Reproduced with permission from [5]. 

A solution to this problem is to find the appropriate current density for each 

particular electrodeposition bath at a particular temperature. At low 

overpotentials the electrodepositions are “activation-controlled”, which is 

featured by the deposition of large grains, where the crystallographic 

                                                           
1
 The surface roughness is measured by the steepness of the protrusions depicted 

in Figure 1.2. [5]. 
2
 The surface coarseness is defined as the difference in thickness of the metal at the 

highest and the lowest points above an arbitrary reference plane facing the 

solution [5]. 
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planes are relatively well distinguishable. The latter is explained by the 

different exchange current densities at different crystal planes leading to a 

different growth rate depending on the orientation of the plane. On the 

other hand high overpotentials lead to mass-transport limitations and the 

formation of a diffusion layer, which results in the development of 

irregularities. The optimum current density for obtaining compact 

depositions is just beyond the activation-controlled region in the region of 

mixed activion- and diffusion-control [8]. 

� Additives 

Another solution to obtain compact, smooth or bright depositions is the use 

of additives. The addition of, mostly organic, components can influence the 

deposition process in the three different stages described previously. For 

example, they can absorb onto active sites on the surface thereby 

influencing the nucleation process. During the growth of the three-

dimensional bulk phase after the formation of nuclei and an initial thin 

coating on the surface, the additive has to be able to counteract the 

progressive growth of irregularities [6]. This nearly always involves a varying 

supply of the additive on different locations of an irregularity. The different 

concentration of the additive in recesses and protrusions leads to local 

variations in current density opposing the regular growth of irregularities 

and leading to compact coatings [5, 7]. Although additives often enlarge the 

range of current densities where compact depositions are obtained, it 

remains a delicate task to find the optimum combination of applied current 

density and additive concentration. In this view Winand proposed a 

pragmatic diagram of the most common morphologies met in 

electrodeposition with the current density in abcissa and the extent of 

inhibition (e.g. concentration of the additive) in the ordinate [9]. Such 

diagram is very helpful when the optimal conditions for compact 

depositions are sought for, but in reality the mechanisms behind additive 

effects are still largely unknown. The complexity of additive chemistry is 

reflected in the fact that for good results often several additives, showing 

opposing or synergistic effects, are required [7]. Most often, no relation is 

found between the chemical structure of the additive and the observed 



Chapter 1 

8 

 

effects. Therefore, this domain largely remains a matter of empirical 

verification of the effect of a certain additive. 

 

1.3. Aqueous and non-aqueous electrolytes 

The most common solvent for the electrodeposition of metals is water, but 

often water itself is for some metals the cause of difficulties encountered 

during electrodeposition. The most common limitation is the narrow 

electrochemical window (ECW) of water which is defined as the potential 

range in between the reduction of water itself at the cathode and the 

oxidation of water at the anode and is often determined voltammetrically 

as is shown in Figure 1.3. The voltammetric experiment is started at a 

potential where no electroactivity occurs. The scan is performed 

preferentially twice: once in cathodic and once in anodic direction. At a 

certain potential the current will increase, in most cases, very sharply.  

 

Figure 1.3. Theoretical electrochemical window of an ionic liquid. 

Two different voltammograms were recorded. ECL and EAL stand for 

the potential of the cathodic limit and anodic limit, respectively. 

Reproduced with permission from [10]. 
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This indicates the electrochemical decomposition of the solvent and the 

cathodic or anodic solvent limit is reached. The potential range between 

cathodic and anodic solvent limit is then taken as the electrochemical 

window. However, the determination of the ECW is somewhat arbitrary as 

there is no consensus on the cut-off current density of preference, but 

values between 0.01 and 0.2 A dm-2 are common [10]. As the 

electrochemical window defines the potential difference between the 

electrodes that causes the destruction of the solvent, e.g. the formation of 

hydrogen at the cathode and the oxygen at the anode in the case of 

aqueous electrolytes, the electrodeposition of metals with a reduction 

potential outside this window are excluded. In some cases the reduction 

potential of the metal coincides with the limit of the electrochemical 

window on the cathodic side. Then, both the metal deposition and the 

formation of hydrogen occur simultaneously. This leads to a loss of 

electrochemical efficiency and the risk of entrapping hydrogen gas in the 

coating. The latter can lead to hydrogen embrittlement of the coating or 

the deposition of powdery non-adhering coatings [4]. Also, limited solubility 

of some metal ions, sluggish kinetics of the electroreduction of the metal 

ions or passivation of the deposited metal during the electrodeposition, can 

originate from the choice of water as the solvent [2]. The volatility of water 

limits the operation temperature of electrodepositions as well. 

Several alternatives to overcome the limitations of water exist. For 

example, molten inorganic salts have been successfully used as the solvent 

for the electrodeposition of many metals that could impossibly be 

deposited from aqueous solutions [11-13]. Despite the fact that melting 

and operation temperatures could be reduced considerably by forming 

eutectic mixtures, typical process temperatures range between 450 and 

1025 °C. The most common molten salt systems are based on mixtures of 

alkali halides or earth-alkali halides, but other components have been used 

as well. The working conditions and safety regulations in these media are 

not straightforward. 

Molecular solvents can be used as well as an alternative solvent for 

electrodepositions, but from a practical point of view, their use is limited. 

Often they are highly volatile and flammable. For electrochemical 
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applications the low electrical conductivity is a serious disadvantage. The 

problem can be solved to some extent by adding organic salts such as 

tetrabutylammonium perchlorate (TBAP), but still problems related to low 

conductivity (voltage drop, inhomogeneous current distribution etc.) are 

typical for electrodepositions in molecular solvents. Still, the 

electrodeposition of some metals was quite successful. For example, the 

electrodeposition of aluminum from triethylaluminum in toluene has been 

applied on a commercial scale in the so-called “SIGAL” process (Siemens-

Galvano-Aluminum) [14]. Also aluminum could be deposited from solutions 

of aluminum chloride and lithium aluminum hydride in tetrahydrofurane at 

room temperature in the “REAL” process (Room Temperature Electroplated 

Aluminum) [15-16]. Obviously, the flammability of the solvent and the 

reactivity of the aluminum compounds put serious restraints on the scale 

these processes can be applied on. In general, safety risks are always an 

issue when working in molecular solvents. 

Ionic liquids are a more suitable alternative to replace water as a solvent for 

electrodepositions [17-18]. They are solvents that consist entirely of ions 

with a melting point below 100 °C. Their volatility is negligible and the 

electrical conductivity is in between typical values for aqueous electrolytes 

and molecular solvents. Another important advantage of ionic liquids is the 

possibility to “tune” their properties by varying the cations and anions the 

ionic liquid consists of, in order to create task-specific ionic liquids [19-21]. 

Typically, the cation is organic, while the anions are mostly inorganic. The 

amount of thinkable ionic liquids is virtually infinite. Thus, ionic liquids can 

be designed for a specific purpose. This property is used to avoid the 

problems met in the electrodeposition from aqueous electrolytes. In 

paragraph 1.4. typical properties of ionic liquids that are important in 

electrochemistry, more specific for electrodepositions, will be discussed. 

For the sake of completeness it is worth mentioning that electrodepositions 

of several metals have been investigated as well from less common 

solvents. For example, liquid ammonia has been investigated. It is 

remarkable that thermodynamically an electrochemical window of only 

0.04 V is expected for this solvent, but due to the high overpotentials 

required for the formation of hydrogen and nitrogen at respectively 
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cathode and anode, a practical window of 3 V is available. The 

electrodeposition of the base metals manganese, cobalt, nickel, copper, 

zinc and cadmium as well as the noble metals palladium, platinum, silver, 

gold and mercury has been shown [22]. The electrodeposition of titanium, 

zirconium, vanadium, niobium, tungsten and molybdenum was hindered by 

the formation of insoluble amido complexes at the anode.  

To a lesser extent liquid hydrogen chloride has been studied as well as an 

electrolyte for electrodeposition of nickel, selenium and nickel-selenium 

alloy [23]. Furthermore, attempts have been made to deposit metals from 

supercritical liquids of water [24], carbon dioxide [25], acetonitrile [26], 

ammonia [27] and sulphur dioxide [28] but due to the high pressures and 

temperatures required for these processes, the discussion mainly focusses 

on experimental techniques [29]. 

 

1.4. Electrochemistry in ionic liquids 

� Ionic liquids in general 

It is well established that the first ionic liquid was described by Paul Walden 

in 1914 who synthesized ethyl ammonium nitrate for conductivity 

measurements [30]. The salt has a melting point of only 12 °C and thus 

remains liquid at room temperature. The history of ionic liquids restarts 

with the development of ionic liquids formed by mixing aluminum halides 

with alkylpyridinium halides or 1,3-dialkylimidazolium halides [31]. In most 

investigations the halide is chloride and the ionic liquids thus formed are 

referred to as chloroaluminate type ionic liquids. The main drive to develop 

these ionic liquids is the possibility to deposit aluminum coatings, but they 

have been used extensively as a solvent for the deposition of other metals 

or alloys of aluminum after dissolution of the appropriate metal salts [32-

39]. From a practical point of view experiments with these ionic liquids have 

to be carried out under controlled atmosphere as even in presence of trace 

amounts of water, the aluminum chloride hydrolyzes readily. Later in the 
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1990s so-called air- and water-stable ionic liquids were developed by 

replacing the reactive chloroaluminate anions by organic and inorganic 

anions [18]. The first publication on this type of ionic liquids was made by 

Wilkes et al. who reported new ionic liquids with 1-ethyl-3-

methylimidazolium cation and nitrate, nitrite, sulphate, methyl carbonate 

or tetrafluoroborate anion [35, 40]. Especially imidazolium 

tetrafluoroborate became a popular solvent because it could be handled 

easily outside a glovebox, showed an excellent stability on standing and had 

a melting point of 15 °C [41]. Soon other ionic liquids with an organic cation 

and tetrafluoroborate emerged. Nevertheless, tetrafluoroborate is prone to 

hydrolysis resulting in hazardous hydrogen fluoride [36, 42-43]. Therefore, 

tetrafluoroborate was soon replaced by hexafluorophosphate which is less 

vulnerable to hydrolysis, but in the long term the problem remains. In any 

way a trend was set to combine organic cations (however not exclusively 

[44]) with organic or inorganic anions to form ionic liquids with a melting 

point below 100 °C or room temperature ionic liquids with a melting point 

below room temperature. Nowadays, more stable anions such as 

dicyanamide or bis(trifluoromethylsulfonyl)imide have been introduced, 

resulting in more stable ionic liquids, but other anions such as acetate, 

triflate, thiocyanate, methyl sulphonate etc., have been used as well. Other 

common cations besides the earlier mentioned ammonium, imidazolium  

and pyridinium cations are pyrrolidinium, phosphonium or sulphonium. 

Molecular structures of the most common anions and cations are depicted 

in Figure 1.4. In comparison with the early chloroaluminate based ionic 

liquids, where the main application is the electrodeposition of aluminium, 

aluminium alloys or other metals, the newer type of ionic liquids can be 

used as regular, low-volatile solvents for many different applications. Ionic 

liquids are investigated for a multitude of possible applications in several 

research domains [45-51], of which the main two are organic synthesis and 

catalysis. As this PhD thesis focuses on the electrodeposition of metals, it is 

worth mentioning that recently a new type of ionic liquids with metal-

containing cations has been developed [52-53]. These “liquid metal salts” 

allow the electrodeposition of metals at very high current densities. 

Because of the wide variety of existing ionic liquids it is difficult to 

generalize when discussing the properties of ionic liquids, but in most cases 
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ionic liquids with low vapor pressure, wide liquid range, low flammability, 

high thermal stability and low toxicity are targeted. Concerning the latter it 

should be mentioned that often the toxicity only shows after prolonged use 

e.g. because of slow electrochemical conversio

led to discussions whether these solvents can be labeled 

[54]. The toxicity of several ionic liquids has been 

studies [55-57]. 

 

Figure 1.4. Molecular structures of some commonly studied 

liquid cations and anions: 1) 1-alkyl

alkylpyridinium 3) 1,1’-dialkylpyrrolidinium 4) tetraalkylammonium 

5) tetraalkylphosphonium 6) chloride 7) tetrafluoroborate 8) 

hexafluorophosphate 9) bis(trifluoromethyl

dicyanamide 11) acetate. 
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One of the main drawbacks of ionic liquids is their cost. Of the cations 

illustrated in Figure 1.4. the ammonium-based ionic liquids are in general 

cheapest. More complex cations require more expensive synthesis routes. 

The anions are available in all ranges of price e.g. acetate (cheap), methyl 

sulphonate (moderately expensive) or bis(trifluoromethylsulfonyl)imide 

(expensive). Combining these anions and cations in order to obtain the 

appropriate ionic liquid often involves another laborious step. Therefore, in 

commercially available ionic liquids, there is a trade-off between price and 

purity. The price of ionic liquids hampers the introduction of ionic liquids in 

many large scale industrial applications. 

The “deep-eutectic solvents” are a class of solvents related to ionic liquids. 

Their properties are in many ways comparable to ionic liquids. Especially, 

the deep-eutectic solvents based on choline chloride have drawn a lot of 

attention, because they are cheap and biodegradable [58-63]. Ethaline®200 

and Reline®200 are the two most common deep-eutectic solvents and are 

illustrated in Figure 1.5. They consist of a 1:2 molar mixture of choline 

chloride and either ethylene glycol (Ethaline®200) or urea (Reline®200). A 

drawback of the choline-based deep-eutectic solvents is their 

hygroscopicity, which limits their use to applications that are insensitive to 

water.  

  

 

Figure 1.4. Molecular structure of two common deep-eutectic 

solvents. a) Reline®200, a 1:2 molar mixture of choline chloride and 

urea. b) Ethaline®200, a 1:2 molar mixture of choline chloride and 

ethylene glycol. 
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Nevertheless, the concentration of water present in the solution has a 

marked influence on the physical and chemical properties of the electrolyte 

[64-65]. However, the influence can as well be positive as it increases the 

electrical conductivity and by consequence decreases the viscosity. 

 

� Properties of ionic liquids for electrochemical applications 

When electrochemical applications are targeted the selection of the ionic 

liquid depends on the specific application. In this section the most 

important parameters that should be considered for selecting ionic liquids 

for electrochemistry in general are discussed, but with special attention for 

electrodeposition processes. Obviously, the conductivity and the 

electrochemical window of the solution are of particular importance for 

electrochemical studies. 

Melting point 

The melting point is probably the most reported property of an ionic liquid 

[66-67]. As opposed to inorganic salts where electrostatic interactions 

dominate the melting point, Van der Waals interaction, hydrogen bonding, 

π-π interactions and the structure of the cation and the anion are involved 

with the melting point of ionic liquids [47]. It is not straightforward to 

predict the melting point from the structure of the ionic liquid, but keeping 

in mind the parameters just mentioned, some trends can be distinguished. 

Larger radii of the ions results in lower melting points because of a 

decreasing surface charge density. Delocalization of the charge in the 

structure of the ions also leads to a decrease of the melting point. For 

example, the presence of π-orbitals as in imidazolium or pyridinium cations 

results in lower melting temperatures. On increasing the length of a straight 

aliphatic side chain on an aromatic cation the ionic radius increases as steric 

hindrance becomes more important, but Van der Waals interactions 

increase as well. This results in a minimum in the plot of melting 

temperature versus chain length. Replacing straight aliphatic chains with 

branched aliphatic chains with the same number of carbons the steric 

hindrance increases and melting temperature decreases. In general, 
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asymmetry within the ion or within the molecule leads to lower melting 

temperatures. For example, in 1-ethyl-3-methyl-imidazolium 

tetrafluoroborate, asymmetry is manifested in the cation by the different 

chain length of the alkyl groups, but the asymmetry is found as well in the 

different geometry of the cation and the anion: the cation has a planar 

geometry while that of the anion is spherical [66, 68-69]. 

The determination of the melting point is not always straightforward. In 

some cases a glass transition temperature is observed instead of a melting 

point [67, 70]. Moreover, the liquid phase at low temperatures which is 

typical for ionic liquids is often the result of a steric hindrance slowing down 

the incorporation of the ions in the crystal lattice. Not surprisingly, the 

liquids are often found in a supercooled  state and solidification occurs after 

several days. Further, many ionic liquids are very hygroscopic. Then, in 

atmospheric conditions the water content is substantial and even in 

controlled atmosphere after pretreatment in vacuum traces of water 

cannot be avoided. However, the presence of even small amounts of water 

has a strong influence on the phase the mixture is found in. In this case it is 

not always clear if the water should be considered as a solvent of the ions 

or as a constituting part of the ionic liquid. Nevertheless, the properties of 

such liquids are clearly distinghuisable from regular aqueous electrolytes. 

Perhaps they can be considered as mixtures of ionic liquids and molecular 

solvents. In this view it is often useful to observe the change of properties 

on gradual addition of a solvent (e.g. water) to an ionic liquid [64-65]. 

Polarity 

The polarity of a solvent and by extension an ionic liquid is not easy to 

quantify. Polarity encompasses several parameters such as polarizibility, 

Lewis acidity and Lewis basicity. Several models have been proposed, but 

there is not always agreement between those based on a selection of 

experimental parameters used to predict the behavior of a solvent in as 

many as possible physical, chemical or biological processes and those based 

on the study of physical and chemical interactions between solute and 

solvent. This has led to different quantitative scales. A comprehensive 

review of the problems encountered is described by Katritzky et al. [70].  
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The polarity of an ionic liquid can be tuned in different ways. Increasing the 

length of the aliphatic side chain increases the hydrophobic character of the 

ionic liquid, but when too long chains are attached the melting point 

increases. Typically, perfluorinated anions such as bis(trifluoromethyl-

sulfonyl)imide, hexafluorophosphate or tris(trifluoromethylsulfonyl)-

methanide increase the hydrophobicity of the ionic liquid. But still a 

minimum number of carbons is required in the aliphatic substituent to 

obtain a hydrophobic liquid [49, 71]. For example, with common cations 

and tetrafluoroborate or triflate as the anion, typically an N-butyl or N-

hexyl substituent is needed [49, 72-73]. Switching the anion also affects the 

hydrophobic character e.g. ionic liquids with hexafluorophosphate anion 

are more hydrophobic than tetrafluoroborate. Typical anions inducing 

hydrophilic character are acetate, trifluoroacetate, thiocyanate, 

dicyanamide methylsulfonate (mesylate) etc. 

The polarity of an ionic liquid has some important consequences for 

applications in electrochemical reactions. Hydrophilic ionic liquids tend to 

absorb water. In case the electrochemical reaction is disturbed by the 

presence of water a controlled atmosphere is required. This can be 

accomplished by working in an inert gas atmosphere but, because of the 

negligible volatility of ionic liquids, working in a vacuum is possible as well 

[74-75]. In either way the operational conditions are more complicated. 

Furthermore, the polarity defines the solubility limits of the reactants. For 

example, in electrodepositions metal salts are dissolved. In order to obtain 

maximum solubility the anion of the salt will have to be adapted to the 

polarity of the solution. If possible, the same anion as in the ionic liquid is 

used as to simplify the constitution of the mixture and avoid effects of the 

anion of the salt. This often requires the synthesis of rather uncommon 

salts as, for example, copper di-bis(trifluoro-methylsulfonyl)imide. Most 

often, a high solubility of metal salts is attained with hydrophilic ionic 

liquids at the expense of more hygroscopicity. With hydrophobic ionic 

liquids specific metal precursors have to be synthesized in order to attain 

sufficient solubility [76]. A solution to this problem is the synthesis of metal-

containing ionic liquids [77]. 
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Viscosity and conductivity 

The viscosity of ionic liquids is in general higher than aqueous solutions 

[66]. The influence of the structure of the cation and different anions was 

studied for imidazolium-based ionic liquids [78]. It was found that with 

longer alkyl chains as substituents on the imidazolium cation, the viscosity 

increased. This was also mentioned in [66]. An increasing Van Der Waals 

interaction is assumed to be the main reason of increasing viscosity. Also 

temperature has an important influence on the viscosity. Several models 

such as the models of Arrhenius, Vogel-Fulcher-Tamman, Litovitz [79-81], 

are employed to explain the lowering of viscosity with increased 

temperature. Another parameter influencing the viscosity significantly is 

the presence of impurities, one of the most important being water. The 

difference in viscosity between pure and water-saturated ionic liquids was 

studied [82-84]. It was found that even small amounts of water (e.g. 1 wt%) 

decrease viscosity drastically (up to 30 %). It is therefore important when 

using literature values of viscosity to incorporate the exact circumstances of 

purity and temperature in which it was measured. 

With electrochemical applications in mind, the electrical conductivity of 

ionic liquids is also an important property. The electrical conductivity is 

inversely related to the viscosity through Walden’s rule (eq. 1.1.) 

 Λ	� = �  (eq. 1.1.) 

with Λ the molar conductivity (S cm² mol-1), � the dynamic viscosity (Pa s) 

and k a constant. Typically, both parameters are plotted in a “Walden plot” 

by putting out the logarithm of the molar conductivity versus the logarithm 

of the inverse of the dynamic viscosity. For ideal dilute aqueous solutions, it 

is predicted that this plot should result in a straight line passing through the 

origin. This plot is used to introduce the concept of ionicity of the ionic 

liquid under study [85-86]. Deviations of the ideal dilute behavior are 

observed for most ionic liquids [86-90]. This indicates that no full ionization 

occurs and strong ion-ion interaction takes place. It is remarked that even 

though this is expected behavior in an electrolyte consisting solely out of 

ions, in many ionic liquids this deviation is not large [86, 91]. 
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Thermal stability 

Ionic liquids consist of ions by definition. Some are liquid even at room-

temperature. Upon heating, either a transition to the gas phase occurs or 

the ionic liquid decomposes into breakdown products. One of the main 

characteristics often mentioned for ionic liquids in general is their low 

vapor pressure. A common misunderstanding grew that ionic liquids could 

not be distilled. However, Seddon et al. showed that in high vacuum and at 

elevated temperature an ionic liquid could be distilled [92]. Since then, 

there have been reports of distillable ionic liquids e.g. based on imidazolium 

[93] or N,N-dimethylammonium N’,N’-dimethylcarbamate (DIMCARB) [94]. 

Several studies on the thermal stability of ionic liquids were performed. The 

decomposition temperatures mentioned in literature is measured by 

differential scanning calorimetry (DSC) combined with thermogravimetric 

analyses (TGA). A crucial parameter in these measurements is the scanning 

rate. Often high scanning rates (10 °C min-1) were employed to evaluate the 

thermal stability of an ionic liquid, resulting in decomposition temperatures 

over 300 °C [55, 67, 95-104]. This short-term thermal stability is of use e.g. 

when an ionic liquid is used in gaschromatography [105-107]. On a longer 

timescale, these reported values are an overestimate of the thermal 

stability [108]. This thermal stability at long-term is far less investigated and 

care must be taken to the presence of impurities and the environment in 

which the measurement is performed [108-111]. In an extensive review by 

Maton et al. it is mentioned that phosphonium-based ionic liquids are more 

thermally stable than the ammonium-analogues, sometimes by over 100 °C 

[112]. They remarked that with increasing alkyl chain length, the thermal 

stability of phosphonium ionic liquids decreased considerably to values 

even lower than those found for imidazolium- or pyridinium-based ionic 

liquids. It is therefore concluded that when a high-temperature process 

employing ionic liquids is envisioned, phosphonium-based ionic liquids are 

an excellent choice, provided the alkyl-chain length is limited. As in this PhD 

thesis, the electrodeposition of metals is studied, an optimal choice has also 

to incorporate other criteria such as solubility of metal salts and the 

electrochemical stability of the ionic liquid. 
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Electrochemical window 

 

The electrochemical window of an electrolyte is a measure for its resistance 

against electrochemical reduction and oxidation and is measured 

voltammetrically as shown in Figure 1.3. One of the main advantages of 

ionic liquids for application in electrochemistry is their wide electrochemical 

window as compared to aqueous solutions. This is a generalization, 

however, the most commonly studied ionic liquids do have a large ECW 

[113]. For example, imidazolium-based ionic liquids ECW values reach up to 

4 V on glassy carbon or tungsten substrates [10], while even larger windows 

were measured for tetraalkylammonium and N,N-dialkylpyrrolidinium-

based ionic liquids [18 and references therein]. Influence on the 

electrochemical window caused by the presence of water in ionic liquids 

was found in some cases to seriously decrease the width of the ECW [65, 

114-115]. 

Comparison of electrochemical windows is far from trivial as not only the 

width of the ECW but also the position relative to a common standard 

redox system is needed. A similar problem arises when the “tunability” of 

ionic liquids requires comparison between the same electrochemical 

process in different electrolytes. Then, a reference potential that is 

independent of the solvent is needed. In Appendix A considerations are 

made on the reporting of redox potentials of electrochemical processes in 

ionic liquids. 

 

� The problem of reporting electrode potentials 

In aqueous electrochemistry, the potential of an electrochemical process is 

referred to the potential of the reduction of hydrogen in standard 

conditions, which has a standard reduction potential of 0.0 V by 

convention. It is possible to construct this reference electrode (“the 

standard hydrogen electrode” or SHE), but due to practical considerations, 

it is not commonly used. Several alternative reference electrodes have been 

devised for use in aqueous electrochemistry. The calomel electrode or the 
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Ag|AgCl electrode, which have a constant and stable reduction potential of 

respectively 0.2412 V and 0.197 V versus SHE [116] (both with saturated 

KCl) are the most popular. However, referring standard reduction potentials 

is not as trivial when the electrochemical reaction occurs in non-aqueous 

solutions. When common aqueous reference electrodes are used in a non-

aqueous solvent, a liquid junction potential (LJP) forms at the interface of 

the two solutions. As opposed to aqueous electrolytes of sufficient ionic 

strength, the influence of the LJP in non-aqueous solutions is more difficult 

to estimate. This relates to the LJP consisting in this case of three 

contributions: one related to the concentration difference at the junction, 

one related to the different ion solvation and one due to the solvent-

solvent interactions [117]. The LJP can be in the order of a few hundred 

millivolt and its value can change over time. This leads to inaccuracies in the 

determination of electrode potentials in these media. Moreover, cross-

contamination of both solvents through the separator is not always 

acceptable e.g. when a reaction sensitive to traces of water is studied. Thus, 

aqueous reference electrodes are better avoided in non-aqueous solvents 

[118-121]. The LJP can be minimized by using the same electrolyte at both 

sides of the separator. But when comparison is to be made between 

different solvents, the reference system not only has to fulfill all general 

requirements for a reference redox system, but it has to be independent of 

the solvent as well. Therefore, most known systems are only applicable in a 

limited number of solvents. For example, the Ag|AgCl redox couple is 

applicable in many protic solvents, but in many other solvents it cannot be 

used as a reference. As a matter of fact, AgCl dissolves easily in many ionic 

liquids in which case the reference potential is different from that found 

with solid AgCl attached to the silver wire. In such situations redox couples 

such as Ag|Ag+, Ag|Ag+-Kryptofix®(22) or I-|I3
- are often used as an 

alternative for Ag|AgClsolid [117]. With several hundreds of known molecular 

solvents and a virtually endless number of ionic liquids possible, a universal 

reference, with a constant potential independent of the solvent, would be 

appreciated as it would allow comparison of a redox process in different 

solutions. However, such a system is only hypothetical. 

Pseudo-reference electrodes are often used to report the value of the 

electrode potentials in non-aqueous solvents. Here, the potential of an 
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electrochemical reaction at an inert electrode (for instance platinum) or at 

a metal wire where the dissolution reaction is the actual reference system 

(e.g. aluminum wire in an aluminum plating bath) immersed directly in the 

electrolyte is used as the reference. Problems with a LJP are thus non-

existing. Pseudo-reference electrodes are very convenient in cases such as 

the study of metal depositions with a soluble, large area anode made of the 

same material as the deposited metal. Due to the large area of the 

electrode compared to the work electrode, the current density at this 

electrode is negligible. Then, in the ideal case, the anode reaction is the 

inverse of the deposition reaction at the cathode, namely the dissolution of 

the metal. Referred to this anode reaction the deposition of the metal is 

expected to occur at 0.0 V. Thus, using the large area electrode as both the 

anode and the reference electrode provides a convenient method to refer 

the potential in this specific system. The system cannot be extended to all 

M|Mn+ couples, because the electrochemical reactions of some couples are 

kinetically hindered, reactions with components in solution or passivation 

of the anode occurs or the reference reaction is not the dissolution of the 

metal, but an oxidation of another component in solution. Moreover, the 

potential of the dissolution reaction is not necessarily identical in different 

solutions.  

The use of soluble electrodes as the reference is only possible in specific 

situations. When this possibility is excluded, IUPAC recommends the use of 

“internal reference redox systems” for the determination of redox 

potentials in molecular solvents [122]. Here, the potential of a solvent-

independent redox couple, with at least one component of the couple 

dissolved directly in the solvent is determined by polarography or 

voltammetry and its position is used as a marker for other electrochemical 

processes taking place in the solvent. Due to the absence of a junction, 

inaccuracies related to the formation of a liquid junction potential are non-

existing. Note that the liquid junction potential can be quite large in highly 

viscous ionic liquids. Thus, internal references are especially suitable in this 

situation. 

Redox couples used as redox reference system must fulfill some 

requirements, the most obvious being a sufficient solubility in the solvent 
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and reversibility of the redox system [122]. IUPAC advises to employ the 

redox couples ferrocene/ferrocenium and bis(biphenyl)chromium(0)/(I) as 

reference redox systems in conventional organic solvents, due to the 

independence of the electrode potential in many molecular solvents [122]. 

At present, the ferrocene/ferrocenium and cobaltocene/cobaltocenium 

couples [123-127] are the most studied candidates for internal references 

in ionic liquids, with ferrocene/ferrocenium definitely being the most 

accepted [127-129]. The number of reports on the bis(biphenyl)-

chromium(0)/(I) as internal redox reference couple in ionic liquids is limited 

[130]. Because of the poor solubility of ferrocence in hydrophobic ionic 

liquids, substituted ferrocene compounds, especially decamethylferrocene, 

have been studied as well as possible internal references [131-133].  

With a virtually unlimited number of possible ionic liquids, it is not 

surprising that problems concerning the use of ferrocene as internal 

reference for reporting electrode potentials have already been 

encountered in some ionic liquids [134-141]. Sometimes, a poor solubility is 

the main factor limiting the use of ferrocene, but problems with adsorption 

at the electrode surface or limited stability of the ferrocenium ion have 

been reported [142-143]. Before a redox-active compound can be used as a 

new internal reference for reporting electrode potentials in ionic liquids, its 

suitability as a reference compounds has to be proven. 

IUPAC has made some recommendations on the reporting of redox 

potentials in molecular solvents [122]. In Appendix A, a method based on 

these IUPAC recommendations is developed for application in ionic liquids, 

taking into account specific difficulties encountered in these electrolytes. 

Considering the problems of solubility of ferrocene or other internal 

references, the technique of square wave voltammetry is suggested to 

obtain a more sensitive measuring method. Therefore, the necessary 

criteria for determination of the reversible character of a redox system will 

be discussed. The proposed technique will be applied to three different 

solutions: two ionic liquids and one deep-eutectic solvent. As this topic 

stands apart from the study of the electrodeposition of metals and alloys in 

ionic liquids, the results of the square wave experiments are put in 

Appendix A. 
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1.5. Electrodeposition of metals in ionic liquids 

� Ionic liquids in electrodepositions of metals 

From aqueous solutions several metals (e.g. chromium, iron, cobalt, nickel, 

copper, zinc, silver, cadmium, platinum or gold) and alloys can be deposited 

quite routinely in commercial processes [2]. The main advantages of 

aqueous electrodepositions are: 

• Low cost 

• Low flammability 

• Low viscosity 

• High conductivity on addition of inert salts 

• Good solubility for several metal salts  

• Good knowledge on additive effects of several compounds 

• A vast amount of literature available 

Nevertheless, the electrochemical window of aqueous electrolytes limits 

the electrodeposition of other elements or their alloys. As mentioned 

earlier, traditional molecular organic solvents often impose a considerable 

risk and are therefore less attractive for electroplating. Ionic liquids often 

form attractive alternative electrolytes for electrodepositions because of 

several advantageous properties: 

• Low volatility 

• Broad electrochemical window 

• Good electrical and thermal conductivity 

• “Tunability” of the ionic liquid, designing task-specific ionic liquids 

• Large liquid range, enabling depositions at elevated temperatures 

• Good solubilizing abilities for metal salts 

The enormous amount of possible ionic liquids makes it difficult to 

generalize all these properties and exceptions for which a property is invalid 

can almost certainly be found. Nevertheless, in many cases ionic liquids do 

have the ability to improve existing processes. Typical examples for such 

electrodepositions are situations where toxic or hazardous compounds 

used in aqueous processes, such as cyanide, can be replaced or where 
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electrodepositions of metals or alloys that are hard to plate from aqueous 

solutions are targeted. Abbott et al. illustrated all elements that have been 

deposited from ionic liquids up until 2008, as single elements or as an alloy 

in Figure 1.6. [32]. 

 

 

Figure 1.6. Summary of the elements that have been reported for 

electrodeposition in ionic liquids as metal (red) or as alloys (blue) or 

both as metal and alloy (green). Reproduced with permission from 

[32]. 

 

For completeness, semi-conductors, conducting polymers, composites or 

other compounds (e.g. metal oxides or sulphides etc.) can be deposited as 

well in ionic liquids [18, 41, 68, 144-146]. 

The prototypical example of a metal deposition from an ionic liquid is the  

electrodeposition of aluminum from haloaluminate ionic liquids. Ionic 

liquids based on excess of haloaluminate anions have been an important 

drive for the development of ionic liquids [18, 33]. The evolution of 
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aluminum deposition in ionic liquids was featured by a systematic 

improvement of the chemical and electrochemical stability of the solutions 

and a lower sensitivity towards the presence of water. Already in 1980 

Robinson et al. described the electrodeposition of aluminum in mixtures of 

AlCl3 with 1-alkylpyridinium chloride melts [34]. Later, Wilkes et al. 

improved the stability of the melt by replacing pyridinium chloride with 

imidazolium chloride [35]. An important breakthrough was achieved by 

replacing the haloaluminate anions and introducing other types of anions 

such as BF4
-, PF6

-. Nowadays, these anions are less attractive due to the 

decomposition to HF in presence of water [36]. The development of the so-

called “air and moisture stable” ionic liquids with anions such as 

bis(trifluoromethylsulfonyl)imide (NTf2) or dicyanamide (DCA) enabled a 

further improvement in the electrodeposition of aluminum [37-39]. At 

present, smooth, bright, well-adhering depositions of aluminum from ionic 

liquids are possible. Besides aluminum several other electrodepositions that 

are considered difficult or impossible to achieve from aqueous solutions 

have been realized in ionic liquids [41]. Still, the electrodeposition of some 

metals remains challenging as no homogeneous depositions have been 

realized or because the deposition has not been realized at all. Among this 

category are some of the refractory metals (molybdenum, tungsten, 

niobium, tantalum or rhenium). Several opportunities for exploring the 

possibilities of ionic liquids in the field of the electrodeposition of metals 

are thus still available. 

Even if the electrodeposition is possible from aqueous solutions other 

advantages are attainable as well when working in ionic liquids. Examples 

are a nanocrystalline morphology which can give the layer enhanced 

properties [39], the possibility to deposit on water sensitive substrates 

[147], non-porous depositions or absence of hydrogen embrittlement due 

to the absence of hydrogen formation, lower toxicity etc. [32, 148-149]. 

Also, the range of working temperatures that can be reached is larger. 

Nevertheless, water is omnipresent and its influence has to be considered 

as well on electrodepositions in ionic liquids. In situations where the 

electrodeposition of metals that cannot be performed from aqueous 

solutions is targeted, this refers to the effect of small traces of water and 
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the determination of the maximum concentration of water allowed in the 

solution. In other situations the electrodeposition is possible as well in 

aqueous solutions, but ionic liquids can offer an advantage (e.g. on the 

morphology of the coating, the composition of an alloy, a lower toxicity or 

biodegradability of the solution). Eventually, a mixture of the ionic liquid 

and water can be considered, thus combining the advantages of both 

solvents. Then, it is interesting to find the balancing point where, on 

gradual dilution with water, these typical advantages ascribed to the use of 

ionic liquids are still observed. The gradual change of the speciation of the 

metal ion on systematic addition of water to the ionic liquid can provide 

more quantitative information of this balancing point. 

 

� Electrodeposition of alloys in ionic liquids 

Ionic liquids also offer possibilities for the electrodeposition of alloys. 

Because of the success of haloaluminate based ionic liquids a large part of 

the reported alloys have aluminum as one of the constituting metals [32], 

but many other combinations of metals and non-metals have been 

described as well [41]. Again alloys that cannot be electrodeposited from 

aqueous solutions are attractive, but even for alloys that are possible to 

plate from an aqueous solution, ionic liquids can still offer advantages. In 

this study the behavior of the electrodeposition of copper-zinc alloys in 

choline-based ionic liquids and in solutions of choline acetate has been 

studied. 

The electrodeposition of copper-zinc alloys from aqueous solutions was first 

described by Ruoltz and Elkington in 1841 and the process has been 

modified and improved since then [1]. By varying the composition of the 

electrolyte or the electroplating parameters, several phases with different 

copper/zinc ratios have been deposited [4]. The yellow-gold α-brass with a 

copper content higher than 70 wt% is the most targeted phase. Corrosion 

protection, decoration and adhesion improvement of rubber to steel are 

but a few examples of applications of α-brass coatings [150]. 
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The most widely used and described electrolyte for brass plating is based 

on cyanides. The formation of the alloy in presence of cyanide ions is 

ascribed to the formation of stronger cyanide complexes with copper as 

compared to zinc. This results in a smaller difference between the reduction 

potentials of both metals. However, other mechanisms have been proposed 

as well [4]. In alkaline solutions with a small excess of cyanide an important 

role is ascribed to [Zn(OH)4]
2-, having a stability constant of the same 

magnitude as [Zn(CN)4]
2- [2]. The use of cyanide for brass deposition can be 

avoided by the consecutive deposition of a zinc and a copper layer with a 

subsequent heat treatment. The latter approach results in the mutual 

diffusion of both metals and the formation of a coating of the alloy on the 

substrate [151]. The heat treatment makes the process more expensive. 

Alternative aqueous electrolytes have been suggested to replace the highly 

toxic cyanide solutions. These are based on complexing agents such as 

gluconate, citrate, ethylenediaminetetraacetic acid, tartrate, sorbitol, 

glucoheptonate, pyrophosphate or D-mannitol [152-159]. Unfortunately, 

the brass coatings obtained from non-cyanide electroplating baths are 

generally of an inferior quality compared to those obtained from cyanide 

solutions. They sometimes consist of several phases [154] or contain 

inclusions of zinc oxide or zinc hydroxide. In addition, the electrochemical 

efficiency is often low [153, 157-161].  

Ionic liquids are studied as well as an alternative for brass plating. A first 

strategy is to use ionic liquids with zinc ions as an inherent constituent; 

thereby the ratio of zinc to copper in solution can reach high values, with 

both metals still present in substantial concentrations. Thus, the 

electrodeposition of zinc, the least noble metal, is facilitated. An example of 

this strategy to deposit brass is the electrodeposition of copper-zinc alloys 

from a Lewis acidic ZnCl2/[C2mim][Cl] melt, where [C2mim][Cl] stands for 1-

ethyl-3-methylimidazolium chloride [160]. The deposits contained a mixture 

of α- and β-brass. Another strategy is to exploit the tunability of ionic 

liquids in order to bring the reduction potentials of both metals closer 

together. Especially, ionic liquids with an anion that has a strong chelating 

effect on copper are suitable. For example, in the deposition of copper-zinc 

alloys in the deep-eutectic solvent consisting of choline chloride and 
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ethylene glycol in a 1:2 molar ratio, chloride plays the role of complexing 

agent [162]. Admittedly, the shift in potential of copper towards more 

negative potentials is not exceedingly high in this case.  

Chapter 2 will elaborate on the electrodeposition of copper-zinc layers first 

from a chloride-based ionic liquid. It is shown that the shift from a chloride 

environment (as found in choline chloride based ionic liquids) towards the 

chloride-free environment of choline acetate, improves the deposition of 

the copper-zinc alloy, resulting in gold-colored brass depositions. The 

presence of water is required in this case and its concentration has a clear 

influence on the appearance of the deposition. 

 

� Electrodeposition of refractory metals 

Refractory metals are defined as metals with a melting point above 2000 °C 

and with rather similar chemical and physical properties [163]. This 

definition applies to a group of five elements (niobium, tantalum, rhenium, 

tungsten and molybdenum)3. They are attractive as metal coatings for their 

high strength at elevated temperatures, excellent wear and abrasion 

resistance. They also have an excellent resistance against electrochemical 

corrosion [163]. These properties contribute in the hardness, strength and 

toughness of high-end alloys in which several refractory metals are often 

used. 

The inability to electrodeposit refractory metals in aqueous solutions is 

caused by several reasons: a low overpotential for hydrogen reduction, a 

low standard reduction potential, the “oxophilic” character of refractory 

metals with resulting passivation of the metal during the electrodeposition, 

etc.  Therefore, recent reports on the electrodeposition of coatings of the 

pure refractory metal in aqueous solutions are scarce [164]. The 

                                                           
3
 Sometimes a wider definition is used to define refractory metals, stating that 

refractory metals have a melting point higher than that of iron (1538 °C [165]). 

With the latter definition, metals such as titanium, vanadium, chromium, osmium 

should be included as well [166]. 
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electrodeposition of pure refractory metal has been achieved in high 

temperature molten salts for all five of them. Here, the use of fluoride 

metal salts or the addition of other fluoride salts is recurrent. Ionic liquids 

offer an opportunity to deposit pure refractory metals at moderate 

temperatures. 

In this work, focus is on the electrodeposition of molybdenum which will be 

described in Chapter 3. Here, a short overview of the state of the art in the 

electrodeposition of the five refractory metals (molybdenum, tungsten, 

niobium, tantalum and rhenium) in ionic liquids is given. 

  

Molybdenum 

In metallurgy, molybdenum is often used as alloying element for example in 

tempered steel to improve strength at higher temperatures and to increase 

hardness of the alloy [165]. Molybdenum thin films are excellent material 

as back contact for CIGS solar cells [167]. An additional advantage of such a 

molybdenum back contact is that it also functions as a barrier against 

diffusion of impurities into the absorber material. 

The main objective in this work is to obtain molybdenum coatings or thin 

films. These are often manufactured by sputtering or sintering. Higher 

temperatures are needed for all of these processes and are often energy-

consuming. These higher temperatures also limit the choice of substrates to 

be coated. Therefore, electrodeposition, preferably at a moderate or low 

temperature could improve the production of molybdenum coatings. From 

aqueous solutions, molybdenum can be obtained as an alloy with transition 

metals such as nickel, cobalt or iron. The electrodeposition of pure 

molybdenum can be achieved from high temperature molten salts of alkali 

halides or molten oxides at temperatures above 500 °C. Mostly, 

molybdenum chlorides and oxides, but also fluorides are used as the 

molybdenum source in these melts. At present, the electrodeposition of 

molybdenum has been reported from eutectic mixtures of alkali halides and 

potassium fluoride molten salts with a melting temperature as low as 250 

°C.  
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In this work, these reports have been used as a starting point to investigate 

the electrodeposition of molybdenum in ionic liquids in order to lower the 

deposition temperature even more. In Chapter 3, advantage is taken of the 

broad electrochemical window of ionic liquids for the electrodeposition of 

molybdenum. It is attempted to reduce the operation temperature of the 

electrodeposition of molybdenum by replacing the alkali cations by an 

organic cation. In this case the ionic liquid requires a good thermal stability. 

Phosphonium-based ionic liquids have been reported to perform well on 

this point and are therefore chosen for this purpose. In this situation the 

presence of water has to be avoided as much as possible for it obstructs the 

electrodeposition and narrows the electrochemical window. 

Tungsten 

Tungsten is listed to have the highest melting point (3422 °C) of all metals 

[165]. It has similar physical and chemical properties as molybdenum and as 

with molybdenum the electrodeposition of alloys of tungsten with iron, 

cobalt or nickel from aqueous solutions is possible. In general, alloys 

deposited with good efficiency containing up to 76 wt% tungsten are 

obtained [168-169]. A tungsten-nickel deposition of 86.4 wt% tungsten is 

mentioned by Younes et al., but their cathodic current efficiency dropped 

well below 1% [170]. These co-depositions are well-studied and literature 

can be found as early as 1946 [168, 171-177]. High-temperature molten salt 

electrodepositions of tungsten are mentioned by Senderoff and are 

recently reviewed by Malyshev [178-179]. Since the study of Senderoff, the 

deposition temperatures have decreased to 450 °C in ZnCl2-NaCl or ZnBr2-

NaBr melts [180]. Molten salts employed to electrodeposit tungsten are 

often very similar to those used for molybdenum electrodepositions. A 

further decrease in deposition temperature was realized by the group of 

Nohira. They mention the electrodeposition of molybdenum and tungsten 

from a ZnCl2-NaCl-KCl mixture at 250 °C [181-183]. However, literature on 

the electrodeposition of tungsten from ionic liquids at moderate 

temperatures (below 150 °C) is not available. 

 

 



Chapter 1 

32 

 

Niobium 

Already in 1965 a method to deposit pure niobium from molten fluorides at 

temperatures over 700 °C was described [184-185]. However, recent efforts 

show that the electrodeposition of pure niobium from ionic liquids is 

possible. Based on literature from molten salts, NbF5 and NbCl5 are used as 

niobium source in e.g. [BMPyrr][NTf2] [186], AlCl3/[C2mim][Cl] [187], 

[C2mim][OTf] [188]. Also the anodic oxidation of niobium or tantalum has 

been studied in [C4mim][Br] melts [189]. In a study on speciation of melts of 

NbCl5 with [BMPyrr][Cl], Babushkina et al. indicate that only in basic melts 

(a molar ratio of NbCl5 to [BMPyrr][Cl] smaller than one) a reduction to 

Nb(0) is possible. Based on the voltammetric behavior, mixtures with a 

higher NbCl5 content were less likely to allow for the reduction to Nb(0) 

[190]. 

Tantalum 

The electrodeposition of tantalum in ionic liquids was studied extensively 

by the group of Endres. They used a solution of TaF5 in [BMPyrr][NTf2] or 

ionic liquids based on 1-alkyl-3-methylimidazolium bis(trifluoromethyl-

sulphonyl)imide [36, 191-193]. Similar as with niobium, the use of fluorides 

stems from the electrodeposition of tantalum from high temperature 

molten salts, which are based on fluoride mixtures [166, 178, 194-195]. The 

beneficial effect of working with fluorides such as LiF is recurrent in these 

studies. Endres already mentioned in 2002 that the electrodeposition of 

tantalum and niobium was possible as an aluminum alloy from 

chloroaluminate ionic liquids [41]. 

Rhenium 

Except for the “induced co-depositions” of rhenium with iron, cobalt or 

nickel in aqueous solutions [168], which are possible as well with 

molybdenum and tungsten, reports on the electrodeposition of rhenium 

are scarce. The electrodeposition of pure rhenium in molten salts was 

studied in chloride melts at temperatures above 700 °C [196]. Fang et al. 

synthesized several 1-alkyl-3-methylimidazolium perrhenate ionic liquids 

and characterized their physical properties [197]. No attempts were made 
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to employ this ionic liquid as an electrolyte to electrodeposit rhenium 

coatings. 

 

1.6. Outline and objectives 

This PhD thesis investigates several aspects of electrodepositions of metals 

in ionic liquids. A recurrent theme is the influence of water on 

electrodepositions either as constituent of the electrolyte or as an impurity. 

Chapter 1 introduces the electrodeposition process. Ionic liquids and their 

main properties are discussed in the light of the electrodeposition of metals 

from these media. Typical problems such as e.g. morphological instability, 

resulting in powdery deposits are described together with some ideas to 

tackle mentioned problems. 

In Chapter 2, attempts are made to elucidate the relationship between the 

electrochemical behavior and coordination of in this case copper in a 

choline chloride-based ionic liquid. With this knowledge, the 

electrodeposition of a copper-zinc alloy in ionic liquids is targeted. As one of 

the oldest known electrodeposited alloys, α-brass has many applications. In 

this PhD thesis, the coating of steel wire for the reinforcement of tires is 

envisioned. For this purpose powdery deposits are undesirable. An 

electrolyte based on choline acetate which enables the alloy deposition of 

bright well-adherent copper-zinc layers is studied. Here, the presence of 

water in a considerable amount is tolerated to ensure compatibility with 

the currently used industrial technology for this process. 

Chapter 3 attempts the electrodeposition of molybdenum. This refractory 

metal cannot be deposited from aqueous solutions. Previous studies 

showed that up until now molybdenum can only be deposited with high 

efficiency from inorganic molten salts at 250 °C or higher. The study 

mentioning the electrodeposition of molybdenum on nickel at 250 °C will 

be reproduced. By modifying the ZnCl2-KCl-NaCl mixture employing ionic 

liquids, it is attemped to lower the deposition temperature considerably. 
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The role of the different components in the mixture will be studied. Here, 

the final goal is enabling the electrodeposition of molybdenum at room-

temperature. 

Chapter 4 summarizes the findings in the previous chapters as a general 

conclusion and provides an outlook for future research. 

As a separate topic, a method for reporting electrode potentials in ionic 

liquids is discussed in Appendix A. Specific problems concerning the use of 

reference electrodes and internal reference redox couples are discussed. 

The technique of square wave voltammetry is described and employed to 

show the behavior of three common redox reference couples in three ionic 

liquids. 
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2.1. Introduction 

In this chapter, the electrodeposition of copper-zinc alloys from ionic liquids 

is studied on platinum and steel substrates. Platinum is one of the most 

common inert substrates in electrochemical studies. The rationale for the 

choice of steel as a substrate for the electrodeposition of copper-zinc alloys 

is the industrial relevance of this system. Copper-zinc alloy coatings on steel 

enforcement wires improve the adhesion of rubber to these wires. This is of 

prime importance for the fabrication of high quality automobile tires [198-

201]. Based on these findings, an ideal alloy composition of around 70 wt% 

copper and 30 wt% zinc is beneficial. If the binary phase diagram of copper-

zinc, depicted in Figure 2.1., could be extrapolated to room-temperature, 

the envisioned 70 wt% copper alloy consists of a pure α-phase. Therefore, 

single α-phase depositions are the main objective of this chapter. 

 

Figure 2.1. Phase diagram of the copper-zinc system. Reproduced 

with permission from [202]. 
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Next to the composition and phase of the deposit, the appearance and 

adhesion to the substrate is of importance. An α-brass coating on steel can 

only be employed for the adhesion of rubber when the coating itself is well-

adherent to the steel. Therefore, powdery deposits are undesirable, despite 

the fact that they might have the right composition or consist of a pure α-

phase. 

First, the electrodeposition of pure copper and zinc are explored 

independently. Here, a mixture of choline chloride and copper(II) chloride 

dihydrate or anhydrous zinc chloride, respectively, are prepared under 

atmospheric conditions. Afterwards, a mixture of both metal ions is tested 

in order to obtain copper-zinc alloys. However, as will be elaborated in 

paragraph 2.3., the results from these highly concentrated chloride ionic 

liquids were not satisfactory. It was therefore decided to study the 

electrodeposition of copper-zinc alloys on a steel substrate in a choline 

acetate electrolyte. In this way, chloride, which is suspected to have a 

negative influence on the deposition of both copper and zinc, is replaced 

with acetate. The choice for acetate is based on the fact that it forms 

stronger complexes with copper(II) ions than with zinc(II) ions in aqueous 

solutions [203]. The acetate complexes of copper and zinc in aqueous 

solutions are not very strong, but due to the fact that the acetate is present 

in high concentrations in the ionic liquid, a small contribution to the 

decrease between the reduction potentials of both metals due to the 

complexing effect of the anion can be expected. Moreover, choline acetate 

can be synthesized quite easily by neutralization of choline hydroxide with 

acetic acid. 

The depositions are performed under atmospheric conditions, resulting in a 

high water content of the hygroscopic choline acetate. However, this 

electrolyte has a considerably higher acetate concentration (about 5 mol 

dm-3) than commonly used aqueous plating solutions. It is known that the 

addition of a molecular solvent to a pure ionic liquid has a marked effect on 

physicochemical properties, such as its viscosity [64]. The determination of 

a crossover point where an ionic liquid with added molecular solvent can no 

longer be considered as a genuine ionic liquid is quite subjective and 

depends on the properties evaluated. In our case, the presence of 
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significant amounts of water excludes the description of the electrolyte as a 

pure ionic liquid and the electrolytes have to be considered as highly 

concentrated aqueous salt solutions [37, 204-207]. However, the choline 

acetate electrolyte has properties that are very reminiscent to those of 

ionic liquids. The high concentration of ionic species has a marked influence 

on the electrodeposition process and it is quite different from aqueous 

solutions with lower salt concentrations. Still, the presence of substantial 

amounts of water allows extrapolation of some properties found in 

aqueous solutions e.g. the formation constants of copper and zinc acetate 

complexes are not commonly determined in such concentrated acetate 

solutions, but it is acceptable to assume that the trend observed in aqueous 

solutions will be similar in the concentrated choline acetate solution. It will 

be shown that the presence of water has a beneficial effect on the stability, 

viscosity and conductivity of the solution. It ensures compatibility with the 

rinsing of the substrate, before and after the actual electrodeposition step 

when working on a larger scale [208]. 

2.2. Experimental 

� Chemicals 

Choline acetate was prepared by a neutralization reaction of a freshly 

synthesized 17 wt% choline hydroxide aqueous solution (custom-made by 

Taminco inc.) with acetic acid (100%, Aldrich, pro analysis). Water was 

evaporated using a rotavapor and the ionic liquid was dried for several 

hours at 60 °C under reduced pressure (lower than 15 mbar). After this 

drying step, the solution still contained around 15 to 20 wt% water. 

Correction to a water content of 20 wt% was made by addition of 

Millipore® ultrapure water with a resistivity above 18.0 megaohm cm at 25 

°C. The water content was measured by volumetric Karl Fischer titration 

(787 KF Titrino, Metrohm). Copper(II) acetate monohydrate (Merck, cryst. 

extra pure), zinc acetate dihydrate (Merck, pro analysis), polyvinyl alcohol 

(PVA, 15 000 g mol-1, Fluka), citric acid (99%, Sigma-Aldrich), urea (98%, 

Acros Organics), L(+)-ascorbic acid (UCB, pro analysis), D-mannitol (98%, 

Sigma-Aldrich), malonic acid (99%, Acros Organics), choline chloride (99%, 
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Acros Organics), zinc chloride (98.5%, Acros Organics) and triethanolamine 

(TEA, UCB, pure) were used as purchased. The 1:2 molar mixture of choline 

chloride/copper(II) chloride dihydrate was prepared by mixing the 

appropriate amounts at 70 °C until a dark solution was obtained. The 1:1 

and 1:2 molar solutions of choline chloride/anhydrous zinc chloride were 

prepared at 50 °C. Several solutions in choline acetate were prepared: 

solution A has a copper concentration of 0.05 mol dm-3 Cu(OAc)2·H2O and a 

zinc concentration of 0.10 mol dm-3 Zn(OAc)2·2H2O. Solution B consists of 

0.10 mol dm-3 Cu(OAc)2·H2O, 0.10 mol dm-3 Zn(OAc)2·2H2O and 8 mg dm-3 

PVA. Solution C has a copper concentration of 0.10 mol dm-3 Cu(OAc)2·H2O 

and a zinc concentration of 0.15 mol dm-3 Zn(OAc)2·2H2O. Solution D has 

the same composition as solution C, but 8 mg dm-3 PVA was added to the 

bath. 

 

� Equipment 

Electrochemical measurements were performed in glass beakers of 10 mL 

with an Autolab PGStat12 (Ecochemie, The Netherlands). Cyclic 

voltammetry and chrono-amperometric experiments were carried out using 

a platinum disk (diameter 0.5 or 1 mm) or custom-made tips of steel 

embedded in PVDF for a rotating disk electrode (Radiochemie, Analys). 

Steel disks (0.70 wt% C, 0.50 wt% Mn, provided by Bekaert) of 2 and 6 mm 

diameter were polished consecutively with diamond slurry of 15 and 3 μm 

and consequently polished with 0.05 μm alumina on a polishing cloth 

(BASi). Afterwards, the electrodes were rinsed for several minutes in an 

ultrasonic bath and air-dried. An inert counter electrode consisting of a 

titanium grid coated with RuO2/IrO2 (dimensionally stable anode, DSA) was 

used and all potentials are referred to a Ag|AgCl (3 mol dm-3 KCl) reference 

electrode (Micro-electrodes inc., type MI-402). The copper and zinc content 

of the deposits was measured by flame atomic absorption spectrometry 

(AAS, Thermo Scientific iCE 3000 series atomic absorption spectrometer 

controlled by SOLAAR AA software version 11.03), after dissolution of the 

coatings in 25 mL of a mixture consisting of 0.1 mol dm-3 HNO3 and 0.1 to 

0.15 mol dm-3 H2O2. To obtain sufficiently high concentrations for AAS 
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measurements, several brass coatings made under identical conditions 

were dissolved for performing one analysis. Calculation of the thickness of 

the deposit and cathodic current efficiency were based upon the 

concentrations of copper and zinc obtained from these AAS measurements 

through Faraday’s Law and the assumption that dense layers were 

deposited. 

The morphology and composition of selected coatings were studied using a 

scanning electron microscope (SEM) combined with EDX measurements on 

a FEI Quanta 200 F, EDAX Genesis 4000 system. XRD measurements were 

performed on a Bruker D8 Discover with Cu(Kα)-source in θ - 2θ 

configuration with a LynxEye detector, a step size of 0.04 degrees and a 

counting time of 4 seconds. 

 

� HySS simulation 

The Hyperquad Simulation and Speciation (HySS) program [209] was used 

to calculate the concentration of the different copper(II) and zinc(II) species 

in the electrolyte.  The program is based on analytically solving the 

equations of the mass-balances by means of a set of matrices. The input 

required is the stoichiometry and the stability constants of the complexes in 

aqueous solutions. The latter are found in literature for ligands present in 

the electrolyte: acetate, triethanolamine and hydroxide. The log β of the 

stability constants used in the HySS program [209] are: [Cu(TEA)]+ 4.23, 

[Cu(TEA)(OH)]+ 11.83, [Cu(TEA)(OH)2] 18.02, [Cu(TEA)(OH)3]
- 20.18, 

[Cu(TEA)2(OH)2] 19.00, [Cu(OAc)]+ 1.79, [Cu(OAc)2] 2.94, [Cu(OAc)3]
- 2.04, 

[Zn(TEA)]2+ 2.00, [Zn(OAc)]+ 0.91, [Zn(OAc)2] 1.36, [Zn(OAc)3]
- 1.57. The 

stability constants of copper(II) and zinc hydroxides are expressed as log β*, 

which incorporates Kw = 10-14. This log β* is determined as K·KW according 

to the general equilibria for the first step in metal hydrolysis and is 

illustrated in equations 2.1.-2.3. 

�� = �OH�� ∗ �H�� = 10��� 

=> ��OH��� = ��/�H�� (eq. 2.1.) 
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M���H�O� ⇋ M�OH������ +	H� 

=> �M�OH������� = 	β∗�M���/�H�� (eq. 2.2.) 

M�� + OH� 	⇋ M�OH������ 

=> �M�OH������� = ��M�����OH���	 (eq. 2.3.) 

Values for log β* used in the program are: [Cu(OH)]+ -8.22, [Cu(OH)2] -

17.53, [Cu(OH)3]
- -27.80, [Cu(OH)4]

2- -39.12, [Cu2(OH)2]
2+ -10.60, [Zn(OH)]+ -

7.70, [Zn(OH)2] -16.80, [Zn(OH)3]
- -28.30, [Zn(OH)4]

2- -41.00. The protonation 

constants of acetic acid and TEA are 4.75 and 7.90, respectively [210-212]. 

 

2.3. Results and discussion 

� Speciation of copper in choline chloride/CuCl2·2H2O – ionic 

liquid
4
 

The discovery of the chloroaluminate ionic liquids for the electrodeposition 

of aluminum was one of the first electrochemical applications of ionic 

liquids [18,38]. However, AlCl3 hydrolyzes when brought into contact with 

moisture from the air. This necessitates the use of an inert atmosphere and 

careful handling when working with these ionic liquids. Choline chloride, a 

crystalline solid with a melting point of 302 °C, forms liquids below 100 °C 

when mixed with several metal chlorides or metal chloride hydrates [213]. 

A mixture with a 1:2 molar ratio of choline chloride to CuCl2·2H2O was 

investigated. The coordination of the cupric ion was compared to that of a 

series of copper-choline chloride solutions with different water content and 

the electrochemical behavior was examined. 

A series of 0.1 mol dm-3 CuCl2·2H2O in choline chloride/water mixtures was 

prepared. By UV-VIS spectrophotometry a gradual transition in the 

                                                           
4
 This paragraph is based on De Vreese P., Brooks N.R., Van Hecke K., Van Meervelt 

L., Matthijs E., Binnemans K., Van Deun R., Inorg. Chem., 2012, 51, 4972-4981. 
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coordination of the copper ion was found. In aqueous solutions without 

chloride a pure aqua-complex is formed [214-216]. In concentrated chloride 

environment however, a [CuCl4]
2- species was found to be dominant. This 

can intuitively be observed in Figure 2.2., where a photograph illustrates 

the transition from the typically blue colored solution of the copper(II) 

hexaqua-complex in pure water over green (mixed chloro-aquo complex) to 

a yellow solution where copper(II) chloride is dissolved in choline chloride 

containing 25 wt% water (tetrachloro complex).  

 

 

Figure 2.2. Color changes of copper(II) chloride dihydrate solutions 

(0.1 mol dm-3) in choline chloride/water mixtures with varying 

water content. The water content decreases from 100 wt% at the 

left (blue sample) over 100, 95, 84, 73, 62, 49, 39, 27 to 25 wt% at 

the right (yellow sample). 

 

A 1:2 molar mixture of choline chloride and CuCl2·2H2O has a copper(II) 

concentration of 4.5 mol dm-3. Combined with the choline chloride, at 70 

°C, it results in a dark green solution. When compared to the series of 0.1 

mol dm-3 CuCl2·2H2O solutions, the UV-VIS spectrum of the 1:2 molar 

mixture is intermediate to solutions containing 49 and 62 wt% water. This 

would indicate that a mixed chloro-aquo complex of copper is formed. To 

measure the coordination of the copper ion in a more direct way, EXAFS 

measurements were performed. EXAFS analyses of the 1:2 molar mixture of 

choline chloride and CuCl2·2H2O showed that the copper coordination is 
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mainly a species containing one water molecule and three chloride anions. 

This result corresponds with the UV-VIS measurements [204]. 

Cyclic voltammograms of 0.1 mol dm-3 CuCl2·2H2O solutions in choline 

chloride/water mixtures containing 25, 49 and 73 wt% water are shown in 

Figure 2.3. The voltammogram was recorded starting at 0.8 V where no 

reaction occurs. When scanned in negative direction, in all three 

electrolytes, first the reduction of copper(II) to copper(I) is observed. The 

half-wave potential is situated around 0.35 V. With decreasing water 

content, the deposition potential of copper shifts towards more negative 

potentials. In 73 wt% water, the deposition of copper starts at -0.2 V, 

whereas in 25 wt% water the reduction of copper(I) to copper metal starts 

at -0.5 V. In the reverse scan, the stripping of the deposited copper to 

copper(I) is observed. The point where the currents cross over from 

cathodic to anodic is shifted from -0.35 V in 25 wt% water to -0.15 V in 73 

wt% water. This behavior is ascribed to the more viscous character of the 

mixtures with a low water content. The decreasing current densities are 

indicative for this. The oxidation of copper(I) to copper(II) in the solution 

containing 73 wt% water has a half-wave potential of 0.35 V, whereas this 

half-wave potential of the solutions containing less water are slightly more 

positive. The peak-to-peak ratio of the Cu(II)/Cu(I) couple present deviates 

from one when water content increases. This more pronounced deviation 

from reversible behavior in the high water content solutions (or low 

chloride content) originates in the coordination of the copper ion. As fewer 

chloride anions are present in the coordination sphere of copper, in an 

aqueous solution, the Cu(II)/Cu(I) couple shows less reversible behavior.  
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Figure 2.3. Cyclic voltammograms at 0.100 V s-1 of 0.1 mol dm-3 

CuCl2·2H2O in choline chloride solutions containing 25, 49 and 73 

wt% of water. Working electrode was a Pt disk (diameter 1 mm); 

reference electrode: 0.01 mol dm-3 Ag+|Ag (0.01 mol dm-3 AgNO3 

and 0.1 mol dm-3 Kryptofix® 22 in acetonitrile), counter electrode: Ti 

grid with RuO2/IrO2. All measurements were performed at 25 °C 

after a 5 min purge with N2 gas. 

 

The electrodeposition of copper from the 1:2 molar mixture of choline 

chloride and CuCl2·2H2O was investigated. The voltammetric behavior is 

shown in Figure 2.4. It is clear that the quality of the cyclic voltammogram is 

not as good as compared to CVs recorded in aqueous electrolytes. This is 

ascribed to the high viscosity of the solution. Two reductive processes are 

observed. The reduction of copper(II) to copper(I) starts at 0.0 V and 

reaches a peak current at -1.0 V. At -1.25 V, again an increase in reductive 

current is observed, marking the start of the electrodeposition of copper as 

visually observed. Due to the high copper concentration in this solution, 

circa 4.5 mol dm-3, very high current densities are easily reached. The 
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reverse scan shows the oxidation to copper(II) in two separate steps: from 

the reversal point of the CV to -0.75 V, the electrodeposited copper is 

oxidized to copper(I). Note that this first oxidation peak is found completely 

in the cathodic region. This uncommon behavior indicates the complexity of 

this mixture with respect to voltammetric measurements. Positive, 

oxidative currents are reached at a potential of -0.25 V, where the oxidation 

of copper(I) to copper(II) is observed until a peak is formed at 0.25 V. 

 

 

Figure 2.4. Cyclic voltammogram at 0.020 V s-1 of a 1:2 molar 

mixture of choline chloride and CuCl2·2H2O. Working electrode was 

a Pt disk (diameter 1 mm); pseudo-reference electrode: platinum 

wire, counter electrode: Ti grid with RuO2/IrO2. Conditioning before 

measurement: 60 s at 0.4 V. Measurement was performed at 70 °C. 

Note that a platinum pseudo-reference is used here. This is because 

in this mixture and at these temperatures, an inert platinum wire is 

about the only option available.  
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Electrochemical depositions of copper from this solution were performed at 

potentials more negative than -1.25 V for deposition times ranging from 60 

to 300 seconds. However, the obtained coatings on a platinum disk 

(diameter 1 mm) all resulted in red powdery deposits with bad adhesion to 

the substrate, regardless of the rotation speed. When steel is submerged in 

this solution, a spontaneous reaction occurs, oxidizing the steel. As a matter 

of fact, an etching effect can be observed when a steel plate is immersed in 

the solution. Moreover, this solution only allows the deposition of copper-

zinc alloys beyond the cathodic solvent limit, which is the electrodeposition 

of copper. Zinc has generally a more cathodic deposition potential than 

copper. This would mean that the electrodeposition of zinc is expected to 

occur only when copper is deposited at an excessive rate and thus only 

copper-zinc alloys with low zinc content can be expected. Therefore, 

combined with the etching properties of this solution, the 1:2 molar 

mixture of choline chloride and CuCl2·2H2O will not be studied further for 

electrodeposition of copper-zinc alloys.  

 

� Electrodeposition of copper-zinc alloys  from choline 

chloride/ZnCl2 ionic liquids  

Background 

Choline chloride mixed with anhydrous zinc chloride results in a liquid 

below 100 °C when there is an excess of zinc chloride. A eutectic with a 

melting point of 24 °C is formed at a molar ratio of 1:2 choline chloride to 

zinc chloride. The cathodic solvent limit is the electrodeposition of zinc. The 

eutectic mixture results in the most positive deposition potential of zinc. 

There is some controversy on the speciation of zinc in chlorozincate ionic 

liquids. Abbott et al. suggests the presence of ZnCl3
-, Zn2Cl5

- in a 1:1 molar 

mixture of choline chloride and zinc chloride (Zicline100). According to 

these authors, increasing the zinc concentration to a 1:2 molar mixture 

(Zicline200) results in the formation of a small but significant amount of 

Zn3Cl7
- species [213]. The potentiometric method used to determine this 

was originally devised by Heerman et al. for the AlCl3/butylpyrrolidinium 
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chloride system [217]. In the case of ZnCl2 and choline chloride, the cell 

potential increases with an increasing zinc concentration [213]. However, a 

study on the speciation of zinc in mixtures of zinc chloride and imidazolium 

chlorides, proved that the actual coordination of zinc consists of ZnCl4
2-, 

Zn2Cl6
2-, Zn3Cl8

2- and Zn4Cl10
2- species. These findings were obtained by 

direct measurements in solution with techniques such as EXAFS and Raman 

spectroscopy [218]. Even though the choline cation is different to the 

imidazolium cations used in that study, it is assumed that the speciation of 

zinc in Zicline100 and Zicline200 are similar to that found in [218]. The 

single-charged species mentioned in earlier studies are often based on ex-

situ measurements such as mass spectrometry and are often yet to be 

confirmed by in-situ analysis techniques. 

Due to the hygroscopic nature of the choline chloride/zinc chloride 

solutions, the presence of water is difficult to exclude in atmospheric 

conditions. Nevertheless, in this study it is not pursued to work in a 

controlled water-lean atmosphere. Therefore, the influence of the addition 

of water was studied. Solutions of different water content were prepared 

and are summarized in Table 2.1. Figures 2.5. and 2.6. show the influence of 

water addition to mixtures of 1:1 and 1:2 choline chloride/zinc chloride at 

50 °C. Upon adding water, the viscosity of the mixtures decreases which in 

turn causes an increase in current densities. In case of Zicline100, the 

addition of up to 40 wt% water has no influence on the deposition potential 

of zinc:  it remains at -0.06 V versus a Zn|(Zn(II) in Zicline100 containing 5 

wt% water) reference electrode. The addition of water to a 1:2 molar 

mixture of choline chloride/zinc chloride, however, results in a cathodic 

shift of the reduction potential of 210 mV. This shift could be the result of 

the presence of altering zinc species. In Zicline200, it is presumed that 

Zn3Cl8
2- and even some Zn4Cl10

2- is present [213, 218]. By addition of water, 

the zinc concentration together with the concentration of Zn4Cl10
2- and 

Zn3Cl8
2- decreases. The cathodic shift observed, could indicate that this zinc 

species is more easily reducible than Zn2Cl6
2- or ZnCl4

2- species. However, 

the high viscosity and resulting low conductivity of choline chloride/zinc 

chloride solutions containing only 5 or 10 wt% water could also influence 

the accurate measurement of these potential shifts. Also, the use of a 

different reference electrode for the 1:1 and the 1:2 mixtures of choline 



Chapter 2 

48 

 

chloride/zinc chloride hinders an easy comparison. Therefore, it is difficult 

to assess the exact reason for the observed behavior. 

  

Table 2.1. Characterization of Zicline mixtures with different water 

contents. 

Zicline100 (1:1 molar mixture of choline chloride/zinc chloride) 

Water content Concentration zinc Cl-/Zn ratio H2O/Zn ratio 

(wt%) (mol%) (mol dm-3) (mol/mol) (mol/mol) 

10 46 3.6 3 1.7 

20 66 3.1 3 3.8 

30 77 2.7 3 6.6 

40 84 2.3 3 10.2 

Zicline200 (1:2 molar mixture of choline chloride/zinc chloride) 

Water content Concentration zinc Cl-/Zn ratio H2O/Zn ratio 

(wt%) (mol%) (mol dm-3) (mol/mol) (mol/mol) 

10 46 4.8 2.5 1.3 

20 66 4.2 2.5 2.9 

30 77 3.6 2.5 4.9 

40 84 3.1 2.5 7.6 
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Figure 2.5. Influence of water on the cathodic solvent limit. 

Zicline100 versus a Zn|(Zn(II) in Zicline100 containing 5 wt% water) 

reference electrode. Work electrode was a Pt disk (diameter 0.5 

mm), a Ti grid coated with RuO2/IrO2 was selected as counter 

electrode. Scan speed was 0.020 V s-1. Temperature was 50 °C. 
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Figure 2.6. Influence of water on the cathodic solvent limit. 

Zicline200 versus a Zn|(Zn(II) in Zicline200 containing 5 wt% water). 

Work electrode was a Pt disk (diameter 0.5 mm), a Ti grid coated 

with RuO2/IrO2 was selected as counter electrode. Scan speed was 

0.020 V s-1. Temperature was 50 °C. 

 

Copper addition 

In order to obtain copper-zinc alloys, copper(I) chloride and copper(II) 

chloride dihydrate were added to Zicline100. The water content was 

measured before each experiment and was either 5 wt% or 20 wt%. The 

use of copper(I) chloride in the high chloride equimolar mixture of choline 

chloride/zinc chloride ensures that no extra anions are introduced into the 

mixture, thus avoiding a possible influence of the counter ion. In Figure 2.7. 

the voltammetric behavior of 0.1 mol dm-3 CuCl in Zicline100 at 50 °C is 

illustrated. When the water content is only 5 wt%, two electron-transfer 

reactions related to copper reduction are observed. The CV is started at 1.0 
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V where no redox activity is observed. When scanned to more negative 

potentials, the electrodeposition of copper is observed at 0.65 V (dashed 

curve). When scanned to potentials more negative than -0.05 V (solid line), 

the cathodic solvent limit is reached and the electrodeposition of zinc 

occurs. In the anodic sweep of the CV, a stripping of a broad zinc-related 

peak is observed. This broadening of this peak could indicate the presence 

of a zinc-rich alloy phase, however no XRD analysis was performed to 

confirm this. After the stripping of zinc, the stripping of copper to copper(I) 

is observed, starting at a potential of 0.3 V. The Cu(I)/Cu(II) couple in this CV 

appears at 1.5 V and seems to show reversible behavior, however no exact 

data on the peak-to-peak ratio was determined. 

 

 

Figure 2.7. Cyclic voltammogram of 0.1 mol dm-3 CuCl in Zicline100 

with 5 wt% water at a scan speed of 0.020 V s-1. Work electrode was 

a Pt disk (diameter 0.5 mm), a Ti grid coated with RuO2/IrO2 was 

selected as counter electrode. A Zn|(Zn(II) in Zicline100 with 5 wt% 

water) reference electrode was used. Temperature was 50 °C. 
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The cyclic voltammogram of 0.1 mol dm-3 CuCl in Zicline100 with 20 wt% 

water is illustrated in Figure 2.8. (dashed line) and the same features are 

observed as in Figure 2.7. However, the Cu(I)/Cu(II) couple has shifted 200 

mV towards more cathodic potentials but the most striking difference with 

the 5 wt% solution is that the peak-to-peak ratio is clearly larger, pointing 

towards more irreversible behavior. The electrodeposition of copper still 

starts at 0.65 V. When sweeped to a more cathodic reversal point (solid 

line), again a broadened zinc stripping peak is observed. The oxidation peak 

of copper is preceded by a peak that might relate to a copper-rich alloy 

phase. 

 

 

Figure 2.8. Cyclic voltammogram of 0.1 mol dm-3 CuCl in Zicline100 

with 20 wt% water at a scan speed of 0.020 V s-1. Work electrode 

was a Pt disk (diameter 0.5 mm), a Ti grid coated with RuO2/IrO2 

was selected as counter electrode. A Zn|(Zn(II) in Zicline100 with 5 

wt% water) reference electrode was used. Temperature was 50 °C. 



 Electrodeposition of copper-zinc alloys  

53 

 

Due to the decreased viscosity, current densities in 0.1 mol dm-3 CuCl in 

Zicline200 with 20 wt% water are ten times higher than in a similar mixture 

containing only 5 wt% water. CVs were recorded with 0.1 mol dm-3 

CuCl2·2H2O as well. The voltammetric behavior however, was similar to 

mixtures containing copper(I) chloride when care was taken to account for 

the extra addition of water due to the hydrated copper(II) crystals. It was 

observed that the dissolution of copper(II) chloride dihydrate was faster 

than anhydrous copper(I) chloride. Therefore, it was opted to continue this 

work with copper(II) chloride dihydrate as copper-source. 

The difference between the reduction potentials of the deposition of 

copper and zinc is in both cases around 0.80 V. It was shown by Abbott et 

al. that the reduction potential of zinc shifted towards more positive 

potentials when the zinc content in the mixture is increased [213]. 

However, the viscosity of the mixture increases rapidly as well when the 

eutectic composition of 1:2 choline chloride/zinc chloride is exceeded. 

Therefore, the addition of CuCl2·2H2O to Zicline200 was tested and resulted 

in similar behavior as the Zicline100 mixtures when taking into account the 

extra added amount of water and its consequences. The solid line in Figure 

2.9. shows the voltammetric behavior of a 0.1 mol dm-3 CuCl2·2H2O in a 1:2 

molar mixture of choline chloride/zinc chloride. In order to shift the 

reduction potential of the copper deposition towards more cathodic 

potentials several possible complexing agents for copper were added to the 

solution. Figure 2.9. illustrates the voltammetric behavior of 0.1 mol dm-3 

CuCl2·2H2O in Zicline200 when 0.4 mol dm-3 citric acid is added to the 

electrolyte for two different reversal potentials, namely -0.1 V (dashed line) 

and -0.3 V (dotted line). No significant difference in deposition potential by 

the addition of a four-time excess of citric acid to copper(II) is observed.  

Similarly, the addition of 0.4 mol dm-3 urea, malonic acid, L(+)-ascorbic acid 

or D-mannitol didn’t result in a shift of the deposition potential of copper. 

The choice for these chelating compounds originates in the fact that they 

are renewable, cheap, easily available and biodegradable. In this way, the 

electrolyte still can be considered as environment-friendly, despite the high 

zinc concentration. 



Chapter 2 

54 

 

 

Figure 2.9. Cyclic voltammograms of 0.1 mol dm-3 CuCl2·2H2O 

(−−−−) with 0.4 mol dm-3 citric acid (---- and ⋅⋅⋅⋅) in Zicline200 with 

20 wt% water at a scan speed of 0.020 V s-1. Work electrode was a 

Pt disk (diameter 0.5 mm), a Ti grid coated with RuO2/IrO2 was 

selected as counter electrode. A Zn|(Zn(II) in Zicline100 with 5 wt% 

water) reference electrode was used. Temperature was 50 °C. 

 

Potentiostatic depositions for 300 s from a Zicline200 solution containing 20 

wt% water and 0.2 mol dm-3 CuCl2·2H2O on steel wires were performed at 

70 °C. Addition of citric acid, urea, malonic acid, L(+)-ascorbic acid or D-

mannitol made it possible to deposit a wide range of compositions: from 15 

to 95 mol% copper depending on the deposition potential. No clear trends 

were observed. However, the quality of all deposits was very poor. No 

smooth adherent deposits could be obtained, but only powdery deposits 

with a poor adhesion. Several literature studies mention that chlorides have 

in aqueous solutions an accelerating effect on the electrodeposition of 

copper and zinc [2, 219-221]. Due to this increase in exchange current 
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density, it is more easy to form unoriented depositions in powder form [2]. 

The electrodepositions in choline chloride mixed with copper(II) and zinc 

chloride are similar. It is concluded that the powdery depositions are 

related to the presence of large quantities of chloride. Therefore, the 

electrodepositions of copper-zinc alloys are studied further in a chloride-

free ionic liquid. 

 

� Electrodeposition of copper-zinc alloys  from choline acetate
5
 

Inspired by the reports on the electrodeposition of copper-zinc alloys from 

aqueous acetate solutions [222-224], a highly concentrated choline acetate 

(5 mol dm-3) was selected as the electrolyte. The cyclic voltammogram of a 

choline acetate electrolyte containing 0.1 mol dm-3 Cu(OAc)2·H2O and 0.1 

mol dm-3 Zn(OAc)2·2H2O is shown in Figure 3.10. A cathodic peak due to the 

deposition of copper is located at -0.9 V versus Ag|AgCl (3 mol dm-3 KCl) 

and a second cathodic peak due to the deposition peak of zinc is observed 

at -1.4 V. Hence, there exists a potential difference of 500 mV between the 

two deposition potentials. However, the current densities in the 

voltammogram are low. Potentiostatic deposits at -1.5 V on steel wires 

result in yellow-gold thin layers of only a few nanometers. As can be seen in 

Figure 2.10., the copper deposition peak shifts more than 300 mV towards 

cathodic potentials (to -1.25 V) upon addition of 0.4 M triethanolamine 

(TEA), while that of zinc remains positioned at -1.4 V. The small difference 

between the copper and the zinc electrodeposition potentials is an 

important advantage in alloy plating. Also, an increase in current is 

observed and the peaks sharpen. 

The expected speciation in the electrolyte bath was calculated using the 

HySS program [209]. At mild alkaline pH values, copper is predicted to occur 

exclusively as [Cu(TEA)(OH)3]
-. Zinc occurs mainly as [Zn(OAc)3]

- and 

[Zn(OAc)2]. At pH values higher than 9, no acetate ions are coordinated to 

zinc ions and zinc is present in solution in the form of hydroxides. TEA 

                                                           
5
 This paragraph is based on De Vreese P., Skoczyla A., Matthijs E., Fransaer J., 

Binnemans K., Electrochimica Acta, 2013, 108, 788-794. 
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coordinates preferentially to copper(II) ions in combination with 

hydroxides. Literature values of coordination of TEA with zinc are 

somewhat doubtful as an equilibrium constant of 2.0 was found for the 

formation of a Zn(TEA) complex in [203], however, [210-211] does not 

mention any. 

The Hyss calculations correspond with the CV of Figure 2.10., where the 

copper-related reduction peak shifts towards more cathodic potentials 

upon addition of TEA, due to coordination to copper(II) ions, while the zinc-

related reduction peak remains more or less unchanged.  

 

 

 

Figure 2.10. CV of choline acetate (ChoOAc) (−−−−), with 0.4 mol 

dm-3 triethanolamine (TEA) (----), with 0.1 mol dm-3 Cu(OAc)2·H2O 

and 0.1 mol dm-3 Zn(OAc)2·H2O (⋅⋅⋅⋅) and with 0.4 mol dm-3 TEA 

added (⋅-⋅-⋅-⋅-). Steel disk of 2 mm diameter working electrode, 

Ag|AgCl (3 mol dm-3 KCl) reference electrode and  titanium grid 

coated with RuO2/IrO2 (DSA) counter electrode. Scan speed was 20 

mV s-1. Temperature was 22 °C. 
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 However, it must be stressed that also surface effects can play a role in the 

electrodeposition mechanism. For instance, it has been reported that TEA 

can adsorb to the electrode surface [225-226], thus it can hinder the 

electrodeposition and act as surface-active additive. 

Figures 2.11. and 2.12. show the cyclic voltammograms of a solution 

containing 0.1 mol dm-3 Zn(OAc)2·2H2O and a solution containing 0.1 mol 

dm-3 Cu(OAc)2·H2O  on a steel disk electrode. The influence of the addition 

of 0.4 mol dm-3 triethanolamine (TEA) is illustrated. 

 

 

Figure 2.11. CV of choline acetate (ChoOAc) (−−−−), with 0.4 mol 

dm-3 triethanolamine (TEA) (----), with 0.1 mol dm-3 Zn(OAc)2·2H2O 

(⋅⋅⋅⋅) and with both 0.4 mol dm-3 TEA and 0.1 mol dm-3 

Zn(OAc)2·2H2O (⋅-⋅-⋅-⋅-). Steel disk of 2 mm diameter working 

electrode, Ag|AgCl (3 mol dm-3 KCl) reference electrode and 

titanium grid coated with RuO2/IrO2 (DSA) counter electrode. Scan 

speed was 20 mV s-1. Temperature was 22 °C. 
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Figure 2.12. CV of choline acetate (ChoOAc) (−−−−), with 0.4 mol 

dm-3 triethanolamine (TEA) (----), with 0.1 mol dm-3 Cu(OAc)2·H2O 

(⋅⋅⋅⋅) and with both 0.4 mol dm-3 TEA and 0.1 mol dm-3 Cu(OAc)2·H2O 

(⋅-⋅-⋅-⋅-). Steel disk of 2 mm diameter working electrode, Ag|AgCl (3 

mol dm-3 KCl) reference electrode and titanium grid coated with 

RuO2/IrO2 (DSA) counter electrode. Scan speed was 20 mV s-1. 

Temperature was 22 °C. 

When only 0.1 mol dm-3 Zn(OAc)2·2H2O was present in solution (Figure 

2.11.), a distinct sharpening of the cathodic peak at -1.3 V was observed 

after 0.4 mol dm-3 TEA has been added. Also, the peak shifted 100 mV 

towards more cathodic potentials. For the electroplating bath containing 

only 0.1 mol dm-3 Cu(OAc)2·H2O (Figure 2.12.), the first reduction wave at -

0.9 V shifted to -1.2 V in the presence of TEA. No nucleation loop was 

observed in the cyclic voltammograms of the solutions that contain a single 

metallic element, either copper or zinc. A striking feature in the reverse 

scan of these mono-metallic solutions is the absence of a clear stripping 

peak. However, chrono-amperometric depositions visually confirmed that 

copper or zinc was deposited. 
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Potentiostatic depositions at different potentials were made from an 

electrolyte containing 0.1 mol dm-3 Cu(OAc)2·H2O, 0.1 mol dm-3 

Zn(OAc)2·2H2O and 0.4 mol dm-3 TEA.  An alloy containing 90 wt% Cu and 10 

wt% Zn was obtained, independent of the applied potential (Figure 2.13.). 

However, the cathodic current efficiency showed a sharp decrease at 

potentials more cathodic than -1.5 V. Layers deposited at these potentials 

appeared dark and powdery, whereas deposits more anodic than -1.5 V had 

a mirror-bright yellow to pink appearance. The hydrogen evolution at these 

more cathodic potentials is detrimental for the appearance of the layer. 

After 300 s of deposition, a coating with an average thickness of 150 nm (as 

estimated from AAS analyses) was obtained. 

 

 
Figure 2.13. Cu content (�) and cathodic current efficiency (�) 

after 300 s deposition at -1.3; -1.4; -1.5; -1.6 and -1.7 V versus 

Ag|AgCl (3 mol dm-3 KCl) on a steel disk (6 mm diameter) from a 

choline acetate solution containing 0.1 mol dm-3 Cu(OAc)2·H2O, 0.1 

mol dm-3 Zn(OAc)2·2H2O and 0.4 mol dm-3 TEA and 20 wt% water. 

Before deposition a 120 s conditioning step was performed at 0.0 V. 

Rotating speed of the disk was 500 rpm. Deposits were made at 22 

°C. A RuO2/IrO2 coated titanium grid (DSA) was used as counter 

electrode. 
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Figure 2.14. SEM image after 300 s deposition at -1.5 V versus 

Ag|AgCl (3 mol dm-3 KCl) on a steel disk (6 mm diameter) from a 

choline acetate solution containing 0.1 mol dm-3 Cu(OAc)2·H2O, 0.1 

mol dm-3 Zn(OAc)2·2H2O and 0.4 mol dm-3 TEA and 20 wt% water. 

Before deposition, a 120 s conditioning step was performed at 0.0 

V. Rotating speed of the disk was 500 rpm. Deposits were made at 

22 °C. A RuO2/IrO2 coated  titanium grid (DSA) was used as counter 

electrode. 

 

A drawback of this electrolyte is that it cannot be used to electrodeposit 

layers thicker than about 200 nm. Morphological instabilities occur when 

deposition times are increased beyond certain limits, resulting in dark, 

powdery depositions. This phenomenon is common with other 

electrodepositions as well and has been described earlier [5]. A SEM image 

of a coating after 300 s deposition at -1.5 V in Figure 2.14. illustrates small 

irregularities that stick out from the deposit. These structures result in 

powdery, dark layers with bad adhesion. In order to avoid this 

morphological instability, the effect of polyvinyl alcohol (PVA, average 

molecular weight 15000 g mol-1), a common additive used in zinc 

electrodepositions [2], was studied. 

The effect of different concentrations of PVA added to the choline acetate 

bath on the voltammetric behavior is shown in Figure 2.15. The current 

densities increased considerably and peak potentials shifted slightly 
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towards more anodic potentials in the case of the bath containing only 0.1 

mol dm-3 Zn(OAc)2·2H2O. In presence of 1 or 5 mg dm-3 PVA the typical 

features of a nucleation loop are observed. The zinc deposition always 

coincides with the onset of the solvent limit. The apparent shift of the 

solvent limit towards more positive potentials is ascribed to the increased 

rate of zinc deposition, rather than an increase of hydrogen formation. For 

the bath containing only 0.1 mol dm-3 Cu(OAc)2·H2O with addition of PVA, 

the effect of the addition is small. The reduction wave in Figure 2.16. at 

about -0.7 V increased only slightly and the peak at -1.2 V only shifted 

about 100 mV more anodic. This indicates that PVA mainly influences the 

deposition of zinc, whereas the electrodeposition of copper remains 

unchanged. The cyclic voltammogram of the deposition bath containing 

both Cu(OAc)2·H2O and Zn(OAc)2·2H2O (Figure 2.17.) is also characterized 

by a shift of the peaks related to the reduction of Cu(OAc)2.H2O: e.g. for 20 

mg dm-3 addition of PVA, the potential shifts 200 mV towards more positive 

potentials. The difference in deposition potentials increases still more on 

addition of higher concentrations of PVA. Also, deposits made with higher 

(100 mg dm-3) PVA concentration appeared dark-red, powdery and with a 

poor adherence. The best results are obtained with small concentrations of 

PVA. Therefore, further depositions were studied in baths containing 8 mg 

dm-3 of PVA. Note that this concentration is substantially lower than the 

concentrations usually found in aqueous electrodepositions. For example, 

PVA is usually added in a concentration of about 1 g dm-3 in zinc plating 

solutions. 
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Figure 2.15. CV of the Zn deposition bath consisting of choline 

acetate with 0.4 mol dm-3 triethanolamine (TEA) and 0.1 mol dm-3 

Zn(OAc)2·2H2O (−−−−) with 1 mg dm-3 PVA (----) and 5 mg dm-3 PVA 

(⋅⋅⋅⋅) added. Steel disk of 2 mm diameter working electrode, Ag|AgCl 

(3 mol dm-3 KCl) reference electrode and titanium grid coated with 

RuO2/IrO2 (DSA) counter electrode. Scan speed was 20 mV s-1. The 

temperature was 22 °C. 
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Figure 2.16. CV of the Cu deposition bath consisting of choline 

acetate with 0.4 mol dm-3 triethanolamine (TEA) and 0.1 mol dm-3 

Cu(OAc)2·H2O (−−−−) with 1 mg dm-3 PVA (----) and 5 mg dm-3 PVA 

(⋅⋅⋅⋅) added. Steel disk of 2 mm diameter working electrode, Ag|AgCl 

(3 mol dm-3 KCl) reference electrode and titanium grid coated with 

RuO2/IrO2 (DSA) counter electrode. Scan speed was 20 mV s-1. The 

temperature was 22 °C. 
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Figure 2.17. CV of the alloy deposition bath consisting of choline 

acetate with 0.4 mol dm-3 triethanolamine (TEA), 0.1 mol dm-3 

Cu(OAc)2·H2O  and 0.1 mol dm-3 Zn(OAc)2·2H2O (⋅⋅⋅⋅) with 1 mg dm-3 

PVA (----), 5 mg dm-3 PVA (⋅-⋅-⋅-⋅-) and 20 mg dm-3 PVA (−−−−) 

added. Steel disk of 2 mm diameter working electrode, Ag|AgCl (3 

mol dm-3 KCl) reference electrode and titanium grid coated with 

RuO2/IrO2 (DSA) counter electrode. Scan speed was 20 mV s-1. The 

temperature was 22 °C. 

  

Depositions were made from a bath containing 0.1 mol dm-3 Cu(OAc)2·H2O, 

0.1 mol dm-3 Zn(OAc)2·2H2O and 0.4 mol dm-3 TEA and 20 wt% water with 8 

mg dm-3 PVA added. For deposition times up to 30 minutes, mirror-bright 

yellow to pink coatings with an almost constant copper content of around 

90 wt% were obtained (Figure 2.18.). The cathodic current efficiency varied 

between 68 and 74%, resulting in a nearly linear increase of the thickness of 

over 1 µm. One strategy to increase the efficiency would be to increase the 



 Electrodeposition of copper-zinc alloys  

65 

 

concentrations of the copper and zinc species in solution, but after 

determination of the solubility of both Cu(OAc)2·H2O (0.15 mol dm-3) and 

Zn(OAc)2·2H2O (0.17 mol dm-3) it is clear the margin that is left for 

improvement of the efficiency is limited in this solution. SEM images of 

deposits after 300, 600 and 1800 s are shown in Figure 2.19. Although, 

equiaxed grains of increasing size were observed on the surface over time, 

the layers obtained after 30 minutes of deposition time still had a bright 

appearance. Addition of PVA thus makes it possible to grow smooth α-brass 

layers with a thickness of more than 1 µm without morphological 

instabilities. 

 

Figure 2.18. Copper content (�) and cathodic current efficiency (�) 

as a function of deposition time for deposits at -1.5 V versus 

Ag|AgCl (3 mol dm-3 KCl) on a steel disk (6 mm diameter) from a 

choline acetate solution containing 0.1 mol dm-3 Cu(OAc)2·H2O, 0.1 

mol dm-3 Zn(OAc)2·2H2O and 0.4 mol dm-3 TEA and 20 wt% water 

with 8 mg dm-3 PVA added. Before deposition a 120 s conditioning 

step was performed at 0.0 V. Rotation speed of the disk was 500 

rpm. Deposits were made at 22 °C. A RuO2/IrO2 coated titanium grid 

(DSA) was used as counter electrode. 
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Figure 2.19. SEM image of a 300 s (left), 600 s (middle) and 1800 s 

(right) deposit at -1.5 V versus Ag|AgCl (3 mol dm-3 KCl) on a steel 

disk (6 mm diameter) from a choline acetate solution containing 0.1 

mol dm-3 Cu(OAc)2·H2O, 0.1 mol dm-3 Zn(OAc)2·2H2O and 0.4 mol 

dm-3 TEA and 20 wt% water with 8 mg dm-3 PVA added. Before 

deposition a 120 s conditioning step was performed at 0.0 V. 

Rotation speed of the disk was 500 rpm. Deposits were made at 22 

°C. A RuO2/IrO2 coated titanium grid (DSA) was used as counter 

electrode. 

 

Electrolytes with three different copper to zinc ratios were tested: 0.05 mol 

dm-3/0.1 mol dm-3, 0.1 mol dm-3/0.1 mol dm-3 and 0.1 mol dm-3/0.15 mol 

dm-3  Cu(OAc)2·H2O / Zn(OAc)2·2H2O. The properties of the deposits from 

solutions A to D are summarized in Table 2.2. 
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Table 2.2. Copper content and cathodic current efficiency of deposits at  

-1.5 V versus Ag|AgCl (3 mol dm-3 KCl) on a steel disk (6 mm diameter). 

Rotation speed 500 rpm. Before deposition, a 120 s conditioning step was 

performed at 0.0 V. Deposition temperature was 22 °C. A RuO2/IrO2 coated  

titanium grid (DSA) was used as counter electrode. 

 Solution A
a
 Solution B

b
 

Time (s) Cu% (wt%) η (%) Cu% (wt%) η (%) 

300 86.5 20 90.8 68 

450 88.1 21 91.3 74 

600 86.8 33 91 70 

 Solution C
c
 Solution D

d
 

Time (s) Cu% (wt%) η (%) Cu% (wt%) η (%) 

300 89.3 66 91.4 71 

450 89.2 71 90.7 70 

600 88.2 75 90.1 73 

a contains 0.05 mol dm-3 Cu(OAc)2·H2O, 0.10 mol dm-3 Zn(OAc)2·H2O in  

5 mol dm-3 choline acetate with 20 wt% water. 
b contains 0.10 mol dm-3 Cu(OAc)2·H2O, 0.10 mol dm-3 Zn(OAc)2·H2O in  

5 mol dm-3 choline acetate with 20 wt% water and 8 mg dm-3 PVA. 
c contains 0.10 mol dm-3 Cu(OAc)2·H2O, 0.15 mol dm-3 Zn(OAc)2·H2O in  

5 mol dm-3 choline acetate with 20 wt% water. 
d contains 0.10 mol dm-3 Cu(OAc)2·H2O, 0.15 mol dm-3 Zn(OAc)2·H2O in  

5 mol dm-3 choline acetate with 20 wt% water and 8 mg dm-3 PVA. 

 

A reduction of the concentration of Cu(OAc)2·H2O in the electrolyte bath 

reduces the cathodic current efficiency from 70% for solution B to 25% for 

solution A. The copper content in the deposit only slightly decreased to 
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about 87 wt% Cu. Visually, the quality of the metallic layers obtained from 

solution A was bad. Powdery deposits with poor adhesion were observed. 

The effect of further reduction of the copper content in the bath 

composition was not examined. An increase to 0.15 M Zn(OAc)2·2H2O on 

the other hand, appeared to have a beneficial effect on the appearance, 

giving rise to mirror-bright yellow deposits. However, layers deposited for 

longer than 300 s at -1.5 V were powdery. Again, there is no effect on the 

copper content and current efficiency compared to the deposits obtained 

from the equimolar bath composition of solution B. Addition of 8 mg dm-3 

PVA to solution C resolved the problem of porosity of the layer at longer 

deposition times; the deposition time could be increased to at least 30 

minutes, resulting in layers with a thickness of about 1 µm. SEM images in 

Figure 2.20. of deposits from solution D show that the grain size is about 

150 nm, which is similar to the coatings obtained from solution B. 

 

 

Figure 2.20. SEM image after 300 s deposition at -1.5 V versus 

Ag|AgCl (3 mol dm-3 KCl) on a steel disk (6 mm diameter) from a 

choline acetate solution containing 0.1 mol dm-3 Cu(OAc)2·H2O, 0.15 

mol dm-3 Zn(OAc)2·2H2O and 0.4 mol dm-3 TEA and 20 wt% water 

with 8 mg dm-3 PVA added. Before deposition a 120 s conditioning 

step was performed at 0.0 V. Rotating speed of the disk was 500 

rpm. Deposits were made at 22 °C. A RuO2/IrO2 coated titanium grid 

(DSA) was used as counter electrode. 
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XRD analyses 

XRD analyses of the copper to zinc ratio show a single α-brass peak, next to 

an iron-substrate peak. This is illustrated in Figure 2.21. The shift of the 

CuZn 111 peak from Cu 111 corresponds to the zinc content close to 10 

wt% measured by EDX and AAS analysis. The absence of other zinc-related 

peaks indicates that only α-brass is formed and no other phases, such as 

pure Zn, Zn(OH)2 or β-brass. This is in contrast to many compositions of 

deposits that were obtained from aqueous cyanide-free deposition baths, 

where mixtures of several phases are often observed [227]. 

 

Figure 2.21. Part of the XRD spectrum after 300 s deposition at -1.5 V 

versus Ag|AgCl (3 mol dm-3 KCl) on a steel disk (6 mm diameter) from a 

choline acetate solution containing 0.1 mol dm-3 Cu(OAc)2·H2O, 0.15 

mol dm-3 Zn(OAc)2·2H2O and 0.4 mol dm-3 TEA and 20 wt% water with 8 

mg dm-3 PVA added. Before deposition a 120 s conditioning step was 

performed at 0.0 V. Rotating speed of the disk was 500 rpm. Deposits 

were made at 22 °C. A RuO2/IrO2 coated titanium grid (DSA) was used 

as counter electrode. 
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2.4. Conclusions 

Mixtures of choline chloride with either copper chloride dihydrate or zinc 

chloride were studied as a starting point for the electrodeposition of 

copper-zinc alloys in ionic liquids. Because a metal species is a constituent 

of the ionic liquid itself, the concentration of the metal in solution is high. 

With the aim to assess the influence of water, the speciation of copper(II) 

was measured as a function of water content in several choline chloride 

based ionic liquids. In a 1:2 molar mixture of choline chloride/copper(II) 

chloride dihydrate, copper(II) is coordinated by one water molecule and 

three chloride ions. Either in this solution or in solutions of copper(II) 

chloride in choline chloride/ethylene glycol ionic liquids, the accelerating 

effect of chloride on the electrodeposition of copper is apparent and 

powdery, poor-adhering deposits result on platinum substrates. Steel 

substrates were etched on submersion in the liquid.  

In a 1:2 molar mixture of choline chloride/zinc chloride containing 20 wt% 

water, copper(I) and copper(II) chloride were added. In the presence of an 

excess of complexing agents such as citric acid, urea, malonic acid, L(+)-

ascorbic acid or D-mannitol, no significant shift in reduction potential of 

copper was observed. Due to a decrease of the viscosity, addition of water 

resulted in a shift of the reduction potential towards anodic potentials. 

Depositions on steel wire resulted in copper-zinc compositions ranging from 

15 to 95 wt% copper. However, all depositions were poor-adhering 

powders. Here as well, the effect is linked to the high chloride content. 

Therefore, the electrodeposition of copper-zinc alloy coatings was carried 

out from choline acetate solutions. This ionic liquid provides a chloride-free 

medium that can be synthesized easily in quite large volumes. It is found 

that, when working in atmospheric conditions, the equilibrium 

concentration of about 20 wt% water, does not hinder the 

electrodeposition, but merely results in an optimal combination of the 

beneficial properties of both the ionic liquid and water. Based on formation 

constants of copper and zinc acetate complexes in aqueous media, it can be 

expected that the deposition potentials of both metals come closer 

together in acetate solutions. Cyclic voltammograms prove this is true as 
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well in choline acetate in atmospheric conditions. Electrodeposition of 

bright, gold-yellow coatings with a thickness of only a few nanometer is 

possible from this solution. Also, the property of triethanolamine to form 

stronger complexes with copper than with zinc in neutral to alkaline 

aqueous solutions remains valid in the choline acetate solution under study. 

In presence of triethanolamine smooth, bright yellow to pink, well-adhering 

coatings with a copper content of 90 wt% were obtained by 

electrodeposition from a solution containing Cu(OAc)2·H2O and 

Zn(OAc)2·2H2O in choline acetate (20 wt% water), at a potential of -1.5 V 

versus Ag|AgCl (3 mol dm-3 KCl). At deposition times lower than 300 s the 

cathodic current efficiency was around 75%. After 300 seconds of 

potentiostatic deposition coatings with a thickness of up to 200 nm of a 

single α-phase copper-zinc alloy were obtained. By addition of 8 mg dm-3 of 

polyvinyl alcohol, a primary brightener commonly used in aqueous zinc 

plating, the morphological stability at longer deposition times was 

improved and mirror-bright yellow to pink layers of 1 µm of single phase α-

brass were deposited. An almost constant Cu/Zn ratio of 90/10 wt% was 

found for all deposits. Potentials more cathodic than -1.5 V resulted in dark-

red powdery deposits. When the copper concentration in the deposition 

bath was decreased, also dark-red powdery deposits were obtained. 

Increase of the zinc concentration gave mirror-bright yellow to pink layers 

with a good adhesion. The most important limitation to obtain still thicker 

coatings or to increase the rate of the deposition is the solubility of copper 

and zinc acetate in the solution and the limited stability of the choline 

cation in alkaline solutions. 
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Electrodeposition of molybdenum 
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3.1. Introduction 

The induced codeposition of molybdenum with the iron-group (nickel, iron 

or cobalt) from aqueous solutions has been studied extensively and can be 

performed without too many technological problems [4, 228-240]. Several 

mechanisms have been proposed for this codeposition. However, in an 

extensive review, Eliaz et al. indicate that it is difficult to elucidate the true 

mechanism, due to the complex composition of these deposition baths 

[168]. The electrodeposition of pure molybdenum metal coatings, either 

from aqueous or non-aqueous electrolytes, remains a challenge. Because of 

the excellent corrosion resistance and the small thermal expansion 

coefficient of molybdenum, efforts are being made since decades to find 

methods to deposit pure metallic molybdenum coatings. The earliest report 

on the electrodeposition of pure molybdenum dates from 1949 and 

describes the use of aqueous solutions with high concentrations of salts 

such as formiates, acetates, propionates, phosphates or fluorides [241]. In a 

recent study, concentrated aqueous solutions containing up to 10 mol dm-3 

potassium or ammonium acetate were used as electrolytes to deposit pure 

molybdenum  [164]. However, the cathodic current efficiency was less than 

1%. The possibility to obtain metallic molybdenum layers from these 

solutions can be attributed to the decreased activity of water, due to the 

coordination of the water molecules to the ions of the electrolyte. Note, 

these solutions have similar behavior as the choline acetate solutions of 

Chapter 3, which can also be classified as ionic liquids with a low free water 

content. Daolio et al. employed a bath consisting of 0.10 mol dm-3 sodium 

molybdate, 0.22 mol dm-3 sodium citrate and 0.12 mol dm-3 sodium chloride 

adjusted to pH 12.5, but they obtained only powdery, non-uniform deposits 

containing molybdenum metal [242]. However, the presence of 

molybdenum oxides could not be excluded. 

Water is detrimental for molybdenum deposition. Thermodynamically, this 

can be understood from inspection of the Pourbaix diagram of 

molybdenum in water (Figure 3.1.). This diagram indicates that in theory, it 

is possible to electrochemically deposit molybdenum at potentials lower 
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than -0.4 V versus SHE at relatively low pH values. However, this is outside 

the electrochemical stability region of water, thus hydrogen evolution will 

occur before the electrodeposition of molybdenum will take place. Due to 

the unavailability of Pourbaix diagrams of metal ions in the presence of 

complexing agents, it cannot be concluded whether it really is impossible to 

electrodeposit metallic molybdenum from an aqueous solution without the 

simultaneous reduction of water. Also, the formation of a passivating 

molybdenum oxide layer on the electrode can hinder the deposition of 

molybdenum metal. In addition to this, the overpotential for the hydrogen 

reduction reaction (HER) on molybdenum metal is low [243-248]. Hence, 

the efficiency of the electroreduction to molybdenum metal in aqueous 

media decreases substantially as soon as a monolayer of molybdenum will 

have been deposited on the substrate. 

Studies on the electrodeposition of molybdenum from non-aqueous 

electrolytes such as liquid ammonia, acetamide, ketones, polyhydroxy 

alcohols and ethers were performed [249-252]. However, these were not 

very successful and gave only thin molybdenum layers [253]. Due to the 

successful aqueous alloying processes (i.e. the codeposition of molybdenum 

with iron, cobalt, nickel), most research efforts have focused on the 

development of electrolyte baths for molybdenum alloy deposition. 

Therefore, no recent reports on the electrodeposition of pure molybdenum 

from molecular organic solvents were found. 
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Figure 3.1. Pourbaix diagram of molybdenum in water. Reproduced 

with permission from [254]. 

 

Pure molybdenum coatings have been obtained from molten salts. These 

electrolytes often consist of alkali halides combined with a molybdenum 

salt or with molybdenum oxides. The melting point of these mixtures 

usually ranges from 500 °C to more than 1000 °C [255-262]. These high- 

temperature processes are very energy-consuming. Also, the use of 

specialized equipment to deal safely with high temperature molten salts 



  Electrodeposition of molybdenum 

77 

 

limits their application on an industrial scale. Malyshev et al. describe four 

types of melts for molybdenum electrodeposition: chloride, fluoride, halide-

oxide or oxide melts [255]. The most promising electrolyte baths are those 

that can be operated at lower temperatures. These are based on halides. 

Nakajima et al. reported the electrodeposition of molybdenum from a 

eutectic mixture of the chlorides of zinc, potassium and sodium at  250 °C 

[182]. Nitta et al. performed the electrodeposition of molybdenum at 

temperatures as low as 150 °C in a mixture of N-ethyl-N-methyl-

pyrrolidinium chloride and zinc chloride [263] or from a mixture of lithium 

bis(trifluoromethylsulfonyl)imide and cesium bis(trifluoromethylsulfonyl)-

imide [264]. These mixtures are reminiscent of ionic liquids and indicate 

that the electrodeposition of molybdenum might be possible at even lower 

temperatures by exploiting the “tunability” of ionic liquids. In this Chapter, 

the results of Nitta et al. and Gao et al. [263-264] will be evaluated and the 

possibilities to lower the deposition temperature or to improve the quality 

of the electrodeposited metallic molybdenum coating by using 

phosphonium-based ionic liquids, will be studied. It should be realized that, 

though the literature on high temperature molten salts provides a starting 

point to electrodeposit molybdenum, the organic nature of ionic liquids 

makes direct comparison with high temperature molten salts difficult. 

3.2. Experimental 

� Chemicals 

1-Ethyl-3-methylimidazolium dicyanamide ([C2mim][DCA], 98%, IoLiTec), 1-

butyl-3-methylimidazolium bis(trifluoromethylsulphonyl)imide 

([C4mim][NTf2], 99%, IoLiTec), choline chloride (99%, Acros Organics), 

ethylene glycol (ACS grade, pro analysis, Merck), urea (98%, Acros 

Organics), malonic acid (99%, Acros Organics), acetamide (99%, Alfa Aeser), 

thiourea (pro analysis, Merck), tetra-n-butylphosphonium chloride 

([P4444][Cl], 95%, IoLiTec), trihexyl(tetradecyl)phosphonium dicyanamide 

([P66614][DCA], 95%, IoLiTec), tri-n-butyl(tetradecyl)phosphonium chloride 

([P44414][Cl], 95%, IoLiTec), trihexyl(tetradecyl)phosphonium chloride 

([P66614][Cl], 95%, IoLiTec), tetra-n-butylammonium chloride ([N4444][Cl], for 
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synthesis, Merck), zinc chloride (anhydrous, pro analysis, Merck), sodium 

chloride (pro analysis, VEL), potassium chloride (pro analysis, UCB), 

potassium fluoride (pro analysis, UCB), molybdenum trichloride (99.5% on 

metal basis, Alfa Aeser), molybdenum trioxide (pro analysis, Sigma Aldrich), 

cerium trichloride heptahydrate (99.9% on metal basis, Sigma Aldrich), 

lanthanum trichloride hydrate (99.9% on metal basis, Sigma Aldrich), 

calcium chloride dihydrate (pro analysis, Merck) and magnesium chloride 

hexahydrate (pro analysis, Merck) were used as received, unless specifically 

stated otherwise. The 1:2 molar mixtures of choline chloride with ethylene 

glycol, urea or malonic acid will further be referred to as Ethaline®200, 

Reline®200 or Maline®200 respectively. The ionic liquids choline 

thiocyanate and choline dicyanamide were prepared according to the 

method described by Haerens et al. [265]. Choline acetate was prepared by 

a neutralization reaction of a 17 wt% choline hydroxide aqueous solution 

(custom-made synthesis by Taminco) with acetic acid (100%, Aldrich, pro 

analysis). Water was evaporated using a rotavapor and the ionic liquid was 

dried for several hours at 60 °C under reduced pressure. After this drying 

step, the solution still contained around 15 to 20 wt% water. 

 

� Equipment 

Electrochemical measurements were performed on an Autolab PGStat12 

potentiostat (EcoChemie, NL) controlled by NOVA 1.7 and 1.8 software. The 

working electrodes were nickel plates with dimensions of 10 x 10 x 1 mm or 

a platinum disk with a radius of 0.5 mm. Before each measurement, the 

platinum disk was polished with 15 µm diamond paste, followed with 3 µm 

diamond paste and finally with 0.05 µm alumina on a polishing cloth (BASi). 

Subsequently, it was rinsed with Millipore® water and acetone and finally 

air-dried. A dimensionally stable anode (DSA) consisting of a titanium grid 

coated with RuO2/IrO2 (Magneto Special Anodes B.V.) or a zinc plate were 

selected as counter electrodes. A zinc pseudo-reference electrode was 

employed in the deposition experiment due to the high temperature of the 

solution. Also, by using the Zn(II)|Zn couple as a reference, the 0.0 V 

potential indicates in theory the reversible reduction potential of zinc. For 
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most of the zinc-containing mixtures tested in this Chapter, the 

electrodeposition of zinc is the cathodic solvent limit of the electrolyte. 

The volatile organic compounds formed by the reaction between [P4444][Cl] 

and zinc at 150 °C, were identified by GC-MS according to the following 

analysis protocol. Isolation of the volatiles originated from the sample was 

performed with an autosampler (multi-PurposeSampler® or MPS®, 

Gerstel®, Mülheim an der Rur, Germany), equipped with a headspace-solid 

phase microextraction unit. The conditions were as follows: 5 g of sample 

was hermetically sealed in 20-mL vials and incubated for 30 min at 70 °C in 

a thermostatted agitator. After equilibration for 30 min, the headspace was 

extracted on a well-conditioned PDMS SPME fiber for 30 minutes at 70 °C. 

GC-MS analysis was performed. Helium was used as carrier gas (1 mL min-1) 

and the cross-linked methyl silicone column (HP-PONA), 50 m x 0.20 mm 

I.D., 0.5 µm film thickness, Agilent Technology®) was programmed: 40°C (5 

min) to 250 °C at 5°C min-1, held 5 minutes. Injector and transfer lines were 

maintained at 250 °C and 280 °C, respectively. The total ion current (70 eV) 

was recorded in the mass range from 40-230 amu (scan mode) using a 

solvent delay of 2 min and a run time of 5 min. 

To avoid contamination of oxygen and moisture from the atmosphere, a 

Schlenk line (with nitrogen gas) was employed during the electrochemical 

measurements. A glove bag (two-hand Aldrich® AtmosBag) and nitrogen-

containing drybox (Nitrogen Dry Box 850-NB, Plas Labs) were used to 

prepare the 10 to 20 mL mixtures containing MoCl3 in a sealable glass 

container. 

Morphology and elemental identification of the deposits was performed on 

a scanning electron microscope combined with an energy-dispersive X-ray 

analyzer (SEM/EDX, Philips XL 20 FEG apparatus). 
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3.3. Results and discussion 

� Solubility of molybdenum sources in ionic liquids 

In order to explore the possibilities of using MoO3, a convenient source of 

Mo, for electrodeposition of molybdenum from ionic liquids, the solubility 

was measured in some commercially available ionic liquids and several 

choline-based deep-eutectic solvents. As a minimum requirement, it was 

attempted to dissolve at least 0.2 mol dm-3 of MoO3 at 70 °C in 2 mL ionic 

liquid under atmospheric conditions. Table 3.1. summarizes the results. A 

good solubility was found in 10 out of 12 ionic liquids. However, it is clear 

that the speciation of molybdenum differs as colorless, green, blue and 

intense brown to black solutions were formed depending on the type of 

ionic liquid. In the case of a 1:2 molar mixture of choline chloride and 

malonic acid (Maline®200), addition of MoO3 resulted in the formation of 

gas bubbles and decomposition of the solution, most likely due to the 

oxidation of malonic acid. The fact that a visual decomposition occurred 

ruled out this solution for further use in the electrodeposition of 

molybdenum. 

The chemistry of molybdenum is quite complex, due to a variety of possible 

oxidation states and the formation of complex structures known as 

“homopolymolybdates”. The latter are characterized by an intense blue to 

green color and are therefore referred to as “molybdenum blues”. When a 

metal other than molybdenum is incorporated, similar complex structures 

can be formed in so called “heteropolymolybdates”. The complexity of 

molybdenum chemistry is reflected in the wide variation of colors observed 

in the ionic liquids of Table 3.1. The relationship between the molybdenum 

complexes present in solution and their electro-activity is far from trivial.  
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Table 3.1. Solubility tests of MoO3 in some ionic liquids 

Ionic liquid Solubility Color 

1-ethyl-3-methyl imidazolium dicyanamide > 0.2 M Colorless 

1-butyl-3-methyl imidazolium 

bis(trifluoromethylsulfonyl)imide 

< 0.2 M N.A. 

Ethaline®200a > 0.2 M Blue/greend 

Reline®200b > 0.2 M Colorless 

Maline®200c Reaction Gas formation 

Ethaline200 + 0.5M urea > 0.2 M Blue/greend 

Choline acetate > 0.2 M Colorless 

Choline dicyanamide > 0.2 M Brown 

Choline thiocyanate (tested at 100-120°C) > 0.2 M Brown/black 

Choline chloride:acetamide (1:2 molar mixture) > 0.2 M Purple 

Choline chloride:thiourea (1:2 molar mixture) > 0.2 M Green 

Acetamide:urea (1:1 molar mixture) > 0.2 M Colorless 

a 1:2 molar mixture of choline chloride : ethylene glycol 
b 1:2 molar mixture of choline chloride : urea 
c 1:2 molar mixture of choline chloride:malonic acid 
d The intense color of these mixtures is reminiscent of aqueous 

“molybdenum blue” solutions. 

After successful dissolution of MoO3, electrochemical activity was tested by 

recording a cyclic voltammogram. However, on platinum, none of the 

mixtures showed any electro-activity inside its electrochemical window. 
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� Molten salt electrodepositions: verification of literature 

reports 

Literature 

In this project the aim is to study the electrodeposition of molybdenum at 

an acceptable temperature i.e. far below the temperatures that are 

required to deposit molybdenum in molten salts (typically higher than 500 

°C). The eutectic mixture of ZnCl2-KCl-NaCl in a molar ratio of 0.60:0.20:0.20 

with a melting point of 203 °C, reported by Nakajima et al., is a good 

starting point [182]. In that study, molybdenum coatings were produced on 

nickel substrates at 250 °C. A SEM image and a cross-section of the deposit 

is shown in Figure 3.2. It shows that a coarse, irregular, but dense layer of 3 

µm of molybdenum metal was obtained after three hours deposition at 

0.15 V versus Zn(II)|Zn. Several cracks in the deposit are observed. This 

study also revealed that the presence of KF in the melt had a beneficial 

effect on the deposition rate. It is speculated that the presence of fluorides 

influences the speciation of molybdenum in the mixture by forming mixed 

chloro-fluoro complexes of molybdenum, which are more readily reduced 

to molybdenum metal than the chloro complexes [266-267]. Also, the 

addition of fluorides is a common practice for electrodepositions on 

substrates that are difficult to plate onto such as magnesium [268-269]. 
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Figure 3.2. (a) A surface SEM image and (b) a cross-sectional SEM 

image of a deposit obtained after potentiostatic electrolysis at 0.15 

V vs. Zn(II)|Zn for 3 hours in ZnCl2-NaCl-KCl-KF (4 mol% added)-

MoCl3 (0.05 mol kg-1) melt at 250 °C. Reproduced with permission 

from [182]. 

 

Other attempts by the same group to further decrease the deposition 

temperature have been made with a mixture consisting of N-ethyl-N-

methylpyrrolidinium chloride ([EMPyrr][Cl]) and ZnCl2 [263]. It was found 

that a 0.50:0.50 molar mixture had the lowest melting point of 45 °C. At 150 

°C, this composition had the lowest viscosity and highest ionic conductivity. 

This composition was tested by Nitta et al. [263] for the electrodeposition 

of molybdenum. In Figure 3.3., a SEM image of the deposit on a nickel 

substrate is shown. A metallic molybdenum layer has deposited. However, 

the deposition rate, even in the presence of fluorides, is only 0.2 µm in 

three hours. This rate is considerably slower than that found in the ZnCl2-

KCl-NaCl molten salt. The study showed that a similar deposit from this 

mixture with MoCl3 instead of MoCl5, resulted in lower deposition rates and 

rougher finishing. This indicates the importance of carefully selecting the 

molybdenum source for the electrolyte bath. 
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Figure 3.3. left: Surface SEM and right: Cross-sectional structured 

illumination microscope (SIM) image of the deposit by 

potentiostatic electrolysis in [EMPyrr][Cl]-ZnCl2-MoCl5 (0.8 mol%)-

KF (3 mol%) at 0.01 V for three hours at 150 °C. Reproduced with 

permission from [263]. 

 

In another study from the same group [264], the electrodeposition of 

molybdenum is performed on a nickel substrate from a mixture of LiNTf2-

CsNTf2 in a molar ratio of 0.07:0.93, at a deposition temperature of 150 °C. 

Potentiostatically deposited coatings had a poor adhesion and were black 

layers that readily dissolved in water. Galvanostatic deposits or deposits 

obtained by pulse plating had a better adhesion and when the black layer 

was rinsed off, a gray molybdenum layer could be detected by XPS analysis. 

XRD spectra did not show molybdenum related peaks. It was concluded by 

Gao et al. that amorphous gray molybdenum had been deposited [264].  

Reproduction 

These reports form a good starting point to explore mixtures for the 

electrodeposition of molybdenum from ionic liquids at temperatures below 

250 °C. In first instance, experience is gained by reproducing the deposits 

based on ZnCl2-NaCl-KCl electrolytes as reported in [182]. Afterwards, 

attempts will be made to improve this formulation by systematically 

replacing the cations in the mixture with the aim to lower the deposition 

temperature or to improve the quality of the deposits. 
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An electrolyte mixture as described by Nakajima et al. was prepared under 

inert atmosphere [182]. The cyclovoltammetric behavior of the 

0.60:0.20:0.20 molar mixture of ZnCl2-NaCl-KCl is shown in Figure 3.4. An 

increase in cathodic current is observed at 0.02 V versus a Zn(II)|Zn 

reference electrode. This is the cathodic solvent limit, which coincides with 

the electrodeposition of zinc. In the reverse scan, a stripping peak of zinc at 

0.07 V is detected. It is remarkable that the stripping peak of zinc in the 

reverse scan is positioned nearly completely in the cathodic region. To this 

mixture, 0.4 mol dm-3 KF was added, which resulted in increased current 

densities as observed in the dashed line on the CV of Figure 3.4. However, 

the onset of the electrodeposition of zinc remains unchanged at 0.02 V 

versus Zn(II)|Zn. Again, the stripping peak of zinc in the reverse scan is 

positioned nearly completely in the cathodic region. At still more positive 

potentials, positive current densities are observed. When 0.05 mol kg-1 

MoCl3 was added to this fluoride-containing mixture, clear changes in the 

cyclic voltammogram were observed. A broad, reductive wave starting at 

0.35 V was detected. This behavior does not correspond to the CVs 

described by Nakajima et al. [182]. In order to exclude the effect of residual 

water and impurities in the CV, it was decided that pre-electrolysis of the 

solution had to be performed before each experiment. 

As seen in Figure 3.4., a pre-electrolysis of six hours at a potential of 0.25 V 

resulted in a cyclic voltammogram similar as the one reported by Nakajima 

et al. It shows a gradual increase of cathodic current density at a potential 

of 0.2 V. The electrodeposition of zinc starts at 0.0 V. The reverse sweep 

exhibits three peaks. This is identical to the literature results.  
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Figure 3.4. Cyclovoltammetric behavior on a nickel electrode versus 

Zn(II)|Zn with a zinc plate as counter electrode from a ZnCl2-NaCl-

KCl (molar ratio 0.60:0.20:0.20) molten salt (−−−−), with 0.4 mol 

dm-3 KF (- - - -), with 0.4 mol dm-3 KF and 0.05 mol kg-1 MoCl3 (⋅⋅⋅⋅) 

before pre-electrolysis and after a 6 hours pre-electrolysis at 0.25 V 

(- ⋅ - ⋅ - ⋅ - ⋅ -). Temperature was 200 °C. Scan rate was 50 mV s-1. 

Area of nickel electrode: 10 x 10 mm. 

 

Potentiostatic depositions on nickel plates were made from the 

0.60:0.20:0.20 molar mixture of ZnCl2-NaCl-KCl containing 0.4 mol dm-3 KF 

and 0.05 mol kg-1 MoCl3. Figure 3.5. shows the morphology of the deposits, 

which resembles those in Figure 3.2. reported by Nakajima et al. [182]. An 

EDX spectrum of these deposits indicates the presence of pure 

molybdenum. However, a significant oxygen peak indicates that oxides are 

present. The combination of both sodium and chloride peaks might be due 

to residues of the solidified electrolyte trapped in the porous deposit and 

points out the importance of thorough rinsing of the electrode after 

deposition.  
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Figure 3.5. SEM images of a 3 hour deposit at 0.15 V versus 

Zn(II)|Zn on Ni from a mixture containing 60 mol% ZnCl

NaCl, 20 mol% KCl with 0.1 mol kg-1 MoCl

excess of KF to Mo. Counter electrode was a 

Temperature was 250 °C. Area Ni plate

mixture was stirred during deposition. 

 

As these first results show good correspondence with those of 

al. [182], the 0.60:0.20:0.20 molar mixture of ZnCl

a basis for further development of ionic liquids for electrodeposition of 

metallic molybdenum at a temperature below 250 °C.

Electrodeposition of molybdenum 

 

 

SEM images of a 3 hour deposit at 0.15 V versus 

ure containing 60 mol% ZnCl2, 20 mol% 

MoCl3 with an 8 times molar 

excess of KF to Mo. Counter electrode was a zinc plate. 

plate: 10 mm x 10 mm. The 

 

As these first results show good correspondence with those of Nakajima et 

, the 0.60:0.20:0.20 molar mixture of ZnCl2-NaCl-KCl was selected as 

a basis for further development of ionic liquids for electrodeposition of 

rature below 250 °C. 
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� Phosphonium chloride mixtures 

The thermal stability of ionic liquids was reported in many studies [55, 95-

104]. Differential scanning calorimetry (DSC) combined with 

thermogravimetric analyses (TGA) are typically used for this purpose. 

However, the measurements are often performed at high heating rates (10 

°C min-1 or higher), resulting in overestimates of the actual thermal stability 

[270]. Also, the aluminum sample pans have been found to influence the 

measurements [271]. Studies on the long-term thermal stability of ionic 

liquids are less numerous [109-111]. 

It is targeted to deposit the molybdenum at temperatures lower than 250 

°C (Cfr. the ZnCl2-NaCl-KCl mixture [182]). Still, it is anticipated that the 

molybdenum deposition in ionic liquids is favored at relatively high 

temperatures. In general, phosphonium-based ionic liquids show a good 

resistance against thermal decomposition. This was shown by comparison 

of phosphonium-based ionic liquids and their ammonium analogues [272-

275]. Therefore, the commercially available tetra-n-butylphosphonium 

chloride ([P4444][Cl]) was combined with ZnCl2 in a molar ratio of 0.40:0.60 

([P4444][Cl]:ZnCl2). This ratio was selected on the basis of the molten salt 

mixture of Nakajima et al. [182], where the NaCl and KCl part was replaced 

by the phosphonium chloride. The mixture had a melting point of about 105 

°C. Compared to the ZnCl2-NaCl-KCl mixture, this is a decrease in melting 

point by 100 °C. Cyclic voltammograms of this mixture, i.e. in absence of a 

molybdenum source, are given in Figure 3.6. At 200 °C and at potentials 

more negative than -0.15 V versus a Zn(II)|Zn reference, a sharp increase in 

cathodic current is observed. This event corresponds to the 

electrodeposition of zinc. In the anodic sweep of the CV, a clear but 

complex stripping peak appeared. The cathodic solvent limit of this mixture 

can be ascribed to the electrodeposition of zinc on the nickel working 

electrode. It can thus be expected that potentiostatic depositions from this 

electrolyte at potentials more negative than -0.1 V will include a 

considerable amount of zinc in the layer. To electrodeposit pure 

molybdenum, applied deposition potentials should thus be more positive 

than -0.1 V. On reversal of the potential in the CV, a stripping peak which 

exhibits two peaks followed by a shoulder are observed. 
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Figure 3.6. CVs on a nickel electrode versus Zn(II)|Zn with a zinc 

plate as counter electrode from a mixture of 60 mol% ZnCl2 and 40 

mol% [P4444][Cl] with a reversal potential of -0.1 V (- - - -) and -0.3 V 

(⋅⋅⋅⋅). Addition to the mixture of 0.1 mol kg-1 MoCl3 (−−−−) and an 8 

times molar excess of KF (-⋅-⋅-⋅-⋅-). Temperature was 200 °C. Scan 

rate was 25 mV s-1. Area nickel electrode:  10 x 10 mm. CVs taken 

after a pre-electrolysis of 6 hours at 0.1 V at 150 °C. 

 

When MoCl3 was added to the mixture, a large increase in cathodic current 

was observed at relatively positive potentials (about +0.5 V versus 

Zn(II)|Zn), ascribed to the reduction of MoCl3. However, no clear peaks 

were seen due to a considerable background current. Depositions were 

made from this solution at 200 °C. The potential was set at 0.05 V versus 

Zn(II)|Zn, where no zinc deposition is expected. The nickel plate after four 

hours deposition at this potential showed a non-uniform brown coloration 

and a mass gain of 5 mg was measured. The deposit did not cover the 

substrate entirely; only in certain spots a deposit is observed. SEM images 

and EDX spectra of the deposit are depicted in Figure 3.7. Based on the EDX 

analysis, it can be concluded that the deposit contains molybdenum.  
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Figure 3.7. SEM images and EDX spectra after 4 hours deposition

a nickel electrode at 0.05 V versus Zn(II)|Zn with a 

counter electrode from a mixture containing 60 mol% Zn

mol% [P4444][Cl] with 0.1 mol kg-1 MoCl

200 °C. Area nickel plate: 10 x 10 mm. The mixture was stirred 

during deposition. Pre-electrolysis was performed for 6 hours at 0.1 

V at 150 °C. 

However, the presence of chloride and oxygen in the deposit are detected 

as well in the spectra. This suggests that the molybdenum is not present as 

metallic molybdenum, but rather as an oxide or subvalent chloride. This 

 

SEM images and EDX spectra after 4 hours deposition on 

at 0.05 V versus Zn(II)|Zn with a  zinc plate as 

counter electrode from a mixture containing 60 mol% ZnCl2, 40 

MoCl3 added. Temperature was 

10 x 10 mm. The mixture was stirred 

electrolysis was performed for 6 hours at 0.1 

xygen in the deposit are detected 

as well in the spectra. This suggests that the molybdenum is not present as 

as an oxide or subvalent chloride. This 
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leads to the conclusion that in these conditions the electrodeposition of 

pure metallic molybdenum is not likely. 

According to Nakajima et al., addition of fluoride to the molten salt mixture 

resulted in thicker, denser layers [182]. A mixed chloro-fluoro complex of 

molybdenum is thought to be the reason behind the improved deposit. 

However, speciation of molybdenum in these molten salts is not trivial. The 

anodic dissolution and reaction with Cl2 or HCl of molybdenum in molten 

NaCl-KCl mixtures was studied by in situ electronic absorption spectrometry 

at temperatures ranging from 450 to 750 °C [276-277]. It was found that 

Mo(III) (MoCl6
3-), Mo(IV) (MoCl6

2-) and Mo(V) (MoCl6
-) species were formed. 

In the presence of oxygen, for example by the dissolution of MoO3, 

MoOXClY
Z--species were found as well. 

Based on literature findings where the presence of fluorides facilitates the 

electrodeposition of refractory metals from molten salts [178-179, 184-185, 

195-196], an eightfold excess of KF compared to molybdenum was added to 

the 0.40:0.60 ([P4444][Cl]:ZnCl2) mixture. The behavior of the current in the 

cyclic voltammogram is quite similar to the behavior in absence of the 

fluoride, but a shift of about 100 mV towards more positive potentials is 

observed and the current peak is somewhat larger (Figure 3.6.). The 

presence of fluorides in solution facilitates the deposition process to some 

extent. SEM images of a four hour deposit at 0.05 V made from the fluoride 

containing electrolyte is shown in Figure 3.8. A cracked layer is observed 

with deep trenches between the deposit patches. EDX analyses show a 

clear molybdenum peak with only a minor oxygen peak. The previously 

observed chloride peak in the absence of fluorides, has disappeared. This is 

a strong indication that molybdenum metal has been deposited. The 

presence of a minor oxygen peak can be explained in different ways. Even 

though the mixtures are prepared in a glove bag and the depositions are 

carried out in a Schlenk line under nitrogen atmosphere, some small 

leakages of oxygen and moisture from the air are unavoidable. Another 

source of this oxygen peak in the spectrum could be some residual water in 

the electrolyte mixture.  
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Figure 3.8. SEM images and EDX spectra after 4 hours deposition

a nickel electrode at 0.05V versus Zn(II)|Zn with a 

counter electrode from a mixture containing 60 mol% ZnCl

mol% [P4444][Cl] with 0.1 mol kg-1 MoCl

eightfold molar excess of KF to molybdenum. Temperature 

°C. Area nickel plate:  10 x 10 mm. The mixture was stirred during 

deposition. Pre-electrolysis was performed for 6 hours at 0.1 V at 

150 °C. 

 

SEM images and EDX spectra after 4 hours deposition on 

at 0.05V versus Zn(II)|Zn with a zinc plate as 

from a mixture containing 60 mol% ZnCl2, 40 

MoCl3 added together with an 

eightfold molar excess of KF to molybdenum. Temperature was 200 

10 x 10 mm. The mixture was stirred during 

lectrolysis was performed for 6 hours at 0.1 V at 
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Drying of these substances was performed for an extensive time under a 

reduced pressure (10 mbar) at a temperature of 100 °C, but some traces of 

water are still possible due to the high hygroscopicity of both ZnCl2 and 

[P4444][Cl]. Handling of the dried products and electrochemical cell 

manipulations (e.g. changing of the electrodes) all increase the risk of 

contaminations. A third possible reason for the appearance of an oxygen 

peak is that the surface of the molybdenum layer is most probably covered 

with a thin oxide layer. As the deposit is cracked, the exposed surface is 

larger than if the deposit would be a smooth dense closed layer. Thus, the 

oxide layer on top of the molybdenum will account for a larger amount of 

oxygen, then when a closed dense layer would have been deposited, giving 

rise to an observable oxygen peak in the EDX spectrum. 

When a broader region is analyzed with EDX (bottom of Figure 3.8.), a 

chloride peak appears. In this case, the scanned area also contains the 

trenches around a single “block” of deposited molybdenum. The chlorides 

are therefore thought to reside in these trenches. It is uncertain if these 

chlorides are impurities from the electrolyte trapped in the trenches or if 

they are part of subvalent molybdenum chlorides. The deposit was 

thoroughly rinsed after the electrodeposition, but it might be possible that 

removal of all the residual electrolyte, which solidifies on the nickel plate 

when it is removed from the hot solution, was not entirely completed. 

Extensive cleaning by submersion in an ultrasound bath could not be 

performed as the adhesion of this layer is not sufficient. Due to the absence 

of zinc-related peaks in the EDX spectrum, which are expected as well if 

solution were trapped in the trenches, it is more likely that these chlorides 

are part of a subvalent chloride. 

Influence of molybdenum source 

The choice of MoCl3 as molybdenum source in an environment with high 

chloride content is evident, since it is a commercially available source with 

molybdenum in a low oxidation state and the solubility of MoCl3 in the ionic 

liquid medium is sufficiently high. On the other hand, MoCl3 reacts easily 

with oxygen or water to form chloro-oxo-complexes (such as MoOCl3) with 

air and moisture when exposed to atmospheric conditions. In order to 
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investigate whether the electrodeposition of molybdenum, by any chance, 

is possible under atmospheric conditions, MoO3 is used instead of MoCl3 as 

the molybdenum source. Note that the oxidation state in MoO3 is +VI rather 

than +III in MoCl3. A  0.40:0.60 [P4444][Cl]:ZnCl2 mixture was prepared with 

0.1 mol kg-1 MoO3 under atmospheric conditions. The deposition 

temperature was 150 °C. Figure 3.9. shows a crystalline deposit obtained 

after 3 hours of deposition at -0.25 V versus Zn(II)|Zn. The EDX spectrum 

indicates both the presence of molybdenum and oxygen. This suggests the 

deposit is a molybdenum oxide, rather than metallic molybdenum. It is also 

noted that the nickel substrate was poorly covered by this bad adherent 

deposit. In Figure 3.10. SEM images of the deposition from the 0.40:0.60 

[P4444][Cl]:ZnCl2 mixture with MoO3 as molybdenum source in presence of 

fluoride are shown. Again, EDX analysis indicates an oxygen-rich deposit. 

Although EDX analyses are not suitable for quantitative measurements, a 

ratio of two to one moles of oxygen to molybdenum, calculated from the 

spectra, suggests the deposition of molybdenum dioxide (MoO2). The 

addition of 0.4 mol dm-3 KF did not result in molybdenum metal deposition, 

as compared to the beneficial influence of KF on the deposition under inert 

atmosphere when MoCl3 was used as a molybdenum source. It is therefore 

concluded that with MoO3 as the molybdenum source, under atmospheric 

conditions, it is not possible to deposit metallic molybdenum from the 

0.40:0.60 [P4444][Cl]:ZnCl2 mixture, not even in the presence of fluorides. 
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Figure 3.9. SEM images and EDX spectra after 3 hours deposition on 

a nickel electrode at -0.25V versus Zn(II)|Zn with a zinc plate as 

counter electrode from a mixture containing 60 mol% ZnCl2, 40 

mol% [P4444][Cl] with 0.1 mol kg-1 MoO3. Temperature was 150 °C. 

Area nickel plate: 10 x 10 mm. The mixture was stirred during 

deposition. Pre-electrolysis was performed for 4 hours at -0.1 V at 

150 °C. 

 

 

 



Chapter 3 

96 

 

 

 

Figure 3.10. SEM images and EDX spectra after 3 hours deposition 

at -0.25V versus Zn(II)|Zn with a zinc plate as counter electrode 

from a mixture containing 60 mol% ZnCl2, 40 mol% [P4444][Cl] with 

0.1 mol kg-1 MoO3 and 0.4 mol dm-3 KF added. Temperature was 

150°C. Area Ni-plate is 10 x 10 mm. The mixture was stirred during 

deposition. Pre-electrolysis was performed for 4 hours at -0.1 V at 

150 °C. 

 

� Zinc chloride 

ZnCl2 is a main constituent of the electrolyte. The melting point of ZnCl2 is 

292 °C. One strategy to further decrease the melting temperature of the 

solution is a decrease of the ZnCl2 content in the mixture. In other words, 

the content of [P4444][Cl] with a melting point of 60 °C would increase, 
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leading to an overall decrease of the melting point of the mixture. In the 

extreme, depositions with MoCl3 as the molybdenum source were 

attempted in pure [P4444][Cl]. However, a reaction occurred between 

[P4444][Cl] and the zinc electrodes (both counter and reference electrode) at 

temperatures above 150 °C. Small gas bubbles appeared at the surface of 

the zinc plate and the mixture showed a slight yellow-brown discoloration. 

This indicates the decomposition of the phosphonium cation. In an earlier 

report, Saveant et al. described the electrochemical reduction of 

phosphonium cations to ylides in media of low proton availability such as 

dimethylformamide or acetonitrile [278]. There, it was concluded that there 

is a competition between the electrochemical reduction to an ylide and the 

Hoffman degradation initiated by residual water. In our case, GC-MS 

analysis of the gas that formed when [P4444][Cl] was in contact with zinc was 

inconclusive as no breakdown products such as e.g. butane or 

tributylphosphine were detected. However, it is not impossible that these 

products remained dissolved. As no volatile organic products were detected 

it is likely the gas formed is hydrogen. It is therefore concluded that a 

combination of slow thermal decomposition and the reduction of residual 

water takes place at 150 °C. This could explain the slight darkening of the 

[P4444][Cl]. The decomposition of the solvent is not part of the subject of this 

thesis and thus no further investigation on the decomposition reaction was 

performed. Instead, the zinc counter electrode and reference electrode 

were replaced by a dimensionally stable anode (RuO2/IrO2 coated titanium 

grid). In this configuration the reference potential is uncertain. No deposits 

could be obtained from this mixture. This leads to the assumption that 

ZnCl2 is a necessary component in the electrodeposition mechanism of 

molybdenum. 

Function of ZnCl2 

One of the possible essential properties of ZnCl2 that enables the deposition 

of molybdenum from the 0.40:0.60 [P4444][Cl]:ZnCl2 mixture, is its strong 

Lewis acidity. In a solution with a high chloride concentration, it will act as a 

chloride scavenger to form the saturated chloride complex: 

tetrachlorozincate(II), ZnCl4
2-. In the mixture containing 40 mol% [P4444][Cl] 

and 60 mol% ZnCl2, the stoichiometric amount of chloride is insufficient to 
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form ZnCl4
2-. It is thus not impossible that complexes containing two or 

even three zinc ions are formed, similar to those in the 1:2 molar mixture of 

choline chloride and zinc chloride described in chapter 2. When MoCl3 is 

dissolved in a chloride environment, it forms MoCl6
3- [276-277]. It is 

assumed that the Lewis acidity of zinc is greater than that of molybdenum, 

thus MoCl3 will partly donate chlorides to the zinc species in order to form a 

molybdenum complex having fewer chlorides than the saturated MoCl6
3-. 

However, the exact speciation of molybdenum in this mixture was not 

determined. By reducing the amount of chlorides around the central Mo(III) 

ion, in this mixture it becomes available for reduction to molybdenum 

metal. If this hypothesis is correct, two beneficial  consequences can be 

deduced. Firstly, a molybdenum chloride complex that is reducible to 

molybdenum metal can be formed. Secondly, due to the acceptance of 

chloride (Lewis base) by ZnCl2 (Lewis acid), the possibility exists that a 

saturated ZnCl4
2--complex is formed; thereby it can be expected that the 

efficiency of zinc deposition reduces as the ZnCl4
2- species is commonly 

acknowledged as difficult to reduce to zinc metal [279-280]. 

In order to confirm this theory, ZnCl2 was replaced by other known Lewis 

acids. It is expected that when stronger Lewis acids than molybdenum are 

employed instead of zinc chloride, the resulting electrolyte will also enable 

the electrodeposition of molybdenum. The choice of a suitable Lewis acid is 

not evident. Although AlCl3 is suitable for this purpose, it was omitted 

because of its sensitivity to hydrolysis. Mixtures of 0.40:0.60 

[P4444][Cl]:CeCl3·7H2O and 0.40:0.60 [P4444][Cl]:LaCl3·xH2O were prepared, 

keeping the phosphonium to metal ratio constant. However, none formed 

liquids at temperatures below 150 °C. Other Lewis acids were not tested as 

Lewis acidity is not the only criterion that ZnCl2-replacements must fulfill. 

Thermal stability up to 150 °C and electro-(in)activity also have to be taken 

into account. 

As mentioned earlier, the electrodeposition of zinc is the cathodic solvent 

limit of a 1:2 molar mixture of [P4444][Cl]:ZnCl2. In an attempt to enlarge the 

electrochemical window, mixtures of CaCl2·2H2O and MgCl2·6H2O with 

[P4444][Cl] were prepared in ratios of 1:2, 1:1 and 2:1. However, none of the 

mixtures resulted in a workable liquid at temperatures of 200 °C. Therefore, 
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it was decided to use ZnCl2 in all further experiments as it seems the most 

suitable component at present. No conclusions can be drawn on the 

hypothesis of the chloride acceptor ability of ZnCl2 in the 0.40:0.60 

[P4444][Cl]:ZnCl2 system. 

Lowering of the deposition temperature 

In order to lower the deposition temperature and at the same time lower 

the activity of the chloride, a solvent was selected to dilute the system. 

Trihexyl(tetradecyl)phosphonium dicyanamide is selected for this purpose 

as ionic liquids with the dicyanamide anion often feature a low viscosity and 

low melting point compared to their chloride analogues. However, care 

should be taken when working in a pure dicyanamide ionic liquid as an 

electropolymerization can occur at the anode [281]. This eventually 

insulates the anode during an electrodeposition process, leading to an 

insurmountable increase of the electrical resistance in the circuit. In theory, 

this problem can be avoided by adding a ‘sacrificial’ product in solution that 

is more easily oxidized than dicyanamide (e.g. oxalic acid), but this 

possibility will not be investigated as the system then becomes even more 

complex and other problems e.g. with the reaction products of the 

sacrificial components, can be expected. Also, when the co-solvent is added 

in a low enough concentration, it can be expected that the concentration of 

chloride is still high enough to be preferentially oxidized at the anode, 

avoiding this troublesome electropolymerization of the dicyanamide anion. 

The commercially available trihexyl(tetradecyl)phosphonium dicyanamide 

([P66614][DCA]) has a glass transition temperature of -66 °C and was selected 

as inert diluting component. By the choice of a similar phosphonium cation, 

any effect of the cation is minimized. [P66614][DCA] was added to a 1:2 molar 

mixture of [P4444][Cl]:ZnCl2 to dilute the system. The mixture had a 

composition of 1:2:4 molar ratio of [P66614][DCA]:[P4444][Cl]:ZnCl2. At this 

ratio, the mixture is liquid at room temperature, yet highly viscous. Lower 

concentrations of  [P66614][DCA] did not result in mixtures that were liquid at 

room temperature. Also, at the operation temperature (150 °C) the 

viscosity decreased considerably in presence of [P66614][DCA]. In Figure 3.11. 

a comparison of the electrochemical behavior by the addition of 

dicyanamide to a 1:2 molar mixture of [P4444][Cl]:ZnCl2 is made. 
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Figure 3.11. Cyclovoltammetric behavior on a nickel electrode 

versus Zn(II)|Zn with a zinc plate as counter electrode from a 1:2 

molar mixture of [P4444][Cl]:ZnCl2 (−−−−) and a 1:2:4 molar mixture 

of [P66614][DCA]:[P4444][Cl]:ZnCl2 (----) with 0.1 mol kg-1 MoCl3. 

Temperature was 150 °C. Scan rate was 25 mV s-1. Area nickel plate: 

10 x 10 mm. Pre-electrolysis was performed for 3 hours at -0.1 V at 

150 °C. 

It is striking that even though the viscosity of the mixture decreased 

considerably, the electro-activity also decreased when dicyanamide was 

added. The electrochemical window at the cathodic side broadens as the 

electrodeposition of zinc was shifted 300 mV toward more cathodic 

potentials. Thus larger overpotentials could be employed for the 

electrodeposition of molybdenum. Potentiostatic depositions were made at 

-0.2 and -0.3 V versus a Zn|Zn(II) reference. The morphology of these 

deposits is illustrated in Figure 3.12. 
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Figure 3.12. SEM images of 4 hour deposits on a nickel electrode at 

-0.2 V (top) and -0.3 V (bottom) versus Zn(II)|Zn with a  zinc plate as 

counter electrode from a mixture containing 1:2:4 molar ratio 

([P66614][DCA]:[P4444][Cl]:ZnCl2) with 0.1 mol kg-1 MoCl3 added. 

Temperature was 150 °C. Area nickel plate: 10 x 10 mm. The 

mixture was stirred magnetically during deposition. Pre-electrolysis 

was performed for 3 hours at -0.1 V at 150 °C. 

The nickel electrode was not covered uniformly. EDX analyses showed the 

presence of molybdenum but only in small quantities. Chlorides were found 

in large excess: a seven and nine fold excess in the deposit of -0.2 and -0.3 V 

respectively. Also, zinc was present in the deposits.  

To the 1:2:4 molar ratio of [P66614][DCA]:[P4444][Cl]:ZnCl2, KF in a fourfold 

excess to molybdenum was added. After 4 hours deposition at -0.2 and -0.3 

V versus Zn|Zn(II) no change in the deposit by the addition of [P66614][DCA] 

to the electrolyte was observed based on SEM images and EDX analyses. 

Here as well, a large amount of chlorides and zinc were detected,  with only 

a small percentage of molybdenum. These are all strong indications that no 
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molybdenum metal was deposited, but rather subvalent molybdenum 

chlorides.  

 

3.4. Conclusions 

Reproduction of the molybdenum electrodepositions on nickel substrate 

from a 0.60:0.20:0.20 ZnCl2:KCl:NaCl molten salt at 250 °C with MoCl3 as a 

molybdenum source as reported by Nakajima et al. proved that this 

solution is a good starting point to derive alternative ionic liquids with the 

aim of lowering the operation temperature of the electrodeposition [128]. 

By replacing the alkali chlorides in the eutectic mixtures with the molar 

equivalent of phosphonium chloride ([P4444][Cl]) the melting point of the 

solution could be reduced from 203 °C to 105 °C and the deposition 

temperature could be decreased from 250 °C to 200 °C. However, SEM-EDX 

analyses indicated that the deposits obtained from 0.60:0.40 

ZnCl2:[P4444][Cl] consist of molybdenum oxides and subvalent molybdenum 

chlorides. Only upon addition of an eightfold excess of KF, compared to the 

molar concentration of molybdenum, the presence of metallic molybdenum 

could be observed. Nevertheless, the quality of the deposits was still poor 

with only a partial coverage of the nickel substrate, and a cracked 

morphology.  

The role of ZnCl2 in the reduction of the melting temperature and the 

determination of the electrochemical window on the cathodic side, is clear. 

Due to its Lewis acidity the possibility that ZnCl2 acts as an acceptor for 

chlorides was investigated as well. However, it was concluded ZnCl2 remains 

the best option as other strong Lewis acids that could offer a broad 

electrochemical window at the cathodic side are featured by a too high 

reactivity towards water (AlCl3) or resulting in mixtures with an 

impractically high melting temperature i.e. over 150 °C (LaCl3·xH2O, 

CeCl3·7H2O, CaCl2·2H2O and MgCl2·6H2O).  
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Attempts were made to further decrease the deposition temperature in the 

0.60:0.40 ZnCl2:[P4444][Cl] mixture by dilution with tetradecyltrihexyl-

phosphonium dicyanamide ([P66614][DCA]), an ionic liquid with low viscosity 

and a glass transition temperature of -66 °C. The deposits obtained from a 

1:2:4  [P66614][DCA]:[P4444][Cl]:ZnCl2 mixture resulted in layers containing 

subvalent molybdenum chlorides instead of molybdenum metal. Zinc was 

found as well in the deposit. 

It can be concluded that after several decades of research in different types 

of solutions the electrodeposition of molybdenum metal remains 

challenging. Working in genuine ionic liquids (below 100 °C) or obtaining 

well-adhering, smooth deposits at an acceptable current efficiency seems 

not attainable within the time scale of this PhD project. 
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4.1. General conclusions 

The electrodeposition of metals in ionic liquids offers many opportunities 

that are unthinkable in aqueous electrolytes. Still, the electrodeposition in 

ionic liquids poses a lot of problems and more knowledge is required in 

order to gain control over the depositions in these media. Throughout this 

work, several aspects of the electrodeposition of metals in ionic liquids 

were studied, with water playing a central role in each situation. More 

specifically, the deposition of a copper-zinc alloy in an ionic liquid 

containing a substantial amount of water and the electrodeposition of 

molybdenum requiring a water-free environment, were studied. 

 

� Electrodeposition of copper-zinc alloys 

In Chapter 2, the advantages of ionic liquids in the electrodeposition of 

alloys were explored. Ionic liquids with an anion composed of a metal-

chloro complex were investigated. In this type of ionic liquid the 

concentration of one metal ion is high. An appropriate compound of the 

second metal is dissolved in the ionic liquid. In the ideal case, the solvent 

limit is determined by the electrodeposition of this metal and the second 

metal deposits simultaneously at the onset of the solvent limit.  

In first instance, the coordination of copper and its electrochemical 

behavior in an ionic liquid formed by a 1:2 molar mixture of choline chloride 

and copper(II) chloride dihydrate was compared with a series of aqueous 

choline chloride mixtures containing 0.1 mol dm-3 CuCl2·2H2O. The 

coordination of copper was found to correspond with a mixed chloro-aquo 

complex similar to that of a solution of 0.1 mol dm-3 CuCl2·2H2O in choline 

chloride containing 49 to 62 wt% water. The electrochemical behavior 

showed a gradual change with increasing water content: the Cu(II)/Cu(I) 

couple showed an increasing deviation from reversible behavior based on 

the peak-to-peak ratio in cyclic voltammograms. The deposition potential of 

copper shifted towards more positive potentials with increasing water 
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content. However, the electrochemical behavior of a 1:2 molar mixture of 

choline chloride:copper(II) chloride dihydrate could not be fitted in this 

series of aqueous solutions as the voltammogram shows clearly different 

electrochemical behavior. Nevertheless, depositions on platinum were 

attempted from this ionic liquid, but resulted in non-adhering powders. 

Steel was readily etched by this electrolyte. 

Mixtures of choline chloride and zinc chloride are also of the type of ionic 

liquids with a metal-chloro complex as the anion. The possibilities to use 

these ionic liquids for electrodepositions of copper-zinc alloys were 

investigated. The addition of water to 1:1 and 1:2 molar mixtures of choline 

chloride:zinc chloride was studied in order to find an optimum between low 

viscosity and an anodic shift of the solvent limit which is determined by the 

electrodeposition of zinc. After addition of copper(I) or copper(II) chloride, 

copper-zinc alloys with compositions between 15 to 95 wt% copper, could 

be deposited on steel wires. However, the deposits had a burned 

appearance and consisted all of poorly adhering powders. In order to bring 

the reduction potentials of copper and zinc closer together, citric acid, 

malonic acid, D-mannitol, L(+)-ascorbic acid or urea were added as 

complexing agent. However, no shift in reduction potential was observed 

nor did the appearance of the deposits improve. 

Mixtures of choline chloride and copper(II) chloride dihydrate or zinc 

chloride are featured by powdery non-adhering deposits. Based on similar 

observations in earlier work and in the literature, it is concluded that the 

effect is due to the high concentration of chlorides in the electrolyte. 

Therefore, the chloride-free ionic liquid choline acetate was synthesized. 

Copper and zinc ions were added as their acetate salt. The deposition 

potentials of copper and zinc were separated only by a few 100 mV in this 

medium, but the deposition rates were low. Only coatings of negligible 

thickness were obtained. However, upon addition of triethanolamine, a 

chelating agent that forms stronger complexes with copper than with zinc, 

the deposition rates of copper and zinc increased and copper-zinc alloys 

could be deposited as well. At a potential of -1.5 V versus Ag|AgCl (3 mol 

dm-3 KCl) bright deposits of up to 200 nm containing 90 wt% copper and 10 

wt% zinc were obtained with a cathodic current efficiency of around 75%. 
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The adhesion to the steel substrate was good. For depositing times 

exceeding 300 seconds, a morphological instability of the deposits was 

observed, resulting in dark-red powdery deposits. Upon addition of 8 mg 

dm-3 polyvinyl alcohol, a primary brightener for zinc in aqueous depositions, 

bright deposits of single α-brass of up to 1 μm thick were deposited. An 

increase of the zinc concentration in the bath to a maximum concentration 

of 0.15 mol dm-3 resulted in mirror-bright deposits of the alloy with good 

adhesion. 

 

� Electrodeposition of molybdenum 

In Chapter 3, the electrodeposition of pure molybdenum was studied as a 

typical example of an electrodeposition that has never been successful in 

aqueous solutions or in molecular solvents. Based on the electrodepositions 

that have been realized in molten salts and in ionic liquids composed of 

ZnCl2 and an organic chloride, ionic liquids were investigated with the aim 

to decrease the deposition temperature. More specifically, the cation in 

alkali chloride molten salts was replaced by a phosphonium cation. 

Phosphonium-based ionic liquids were preferred because of their excellent 

thermal stability. A 1:2 molar mixture of [P4444][Cl] and zinc chloride had a 

melting point of only 105 °C. Upon addition of MoCl3 as the molybdenum 

source, electrodepositions realized on nickel substrates at an operation 

temperature of 200 °C turned out to consist mainly of subvalent 

molybdenum chloride deposits. Upon the addition of KF metallic 

molybdenum was deposited in the same conditions. However, the 

deposition was not uniformly distributed over the surface. Moreover, it was 

cracked and only poor adhesion could be obtained. 

With the aim to improve the electrodeposition it was postulated that zinc 

chloride acts as a chloride scavenger due to its strong Lewis acidity. Other 

appropriate Lewis acids to replace ZnCl2 were tested: LaCl3·xH2O, 

CeCl3·7H2O, CaCl2·2H2O and MgCl2·6H2O. However, none of them gave a 

workable liquid at temperatures of 200 °C. 



Conclusions and outlook 

109 

 

In order to verify if the influence of KF can be ascribed to the shift of the 

coordination sphere of molybdenum from saturated chloride to a mixed 

fluoro-chloro complex, it was attempted to decrease the activity of 

chlorides. The 1:2 molar mixture of [P4444][Cl]:ZnCl2 was diluted with the low 

melting [P66614][DCA] ionic liquid. While the viscosity of the diluted mixture 

was clearly lower, it was found that the depositions at 150 °C consisted 

mainly of subvalent molybdenum chloride. 

 

4.2. Outlook 

� Electrodeposition of copper-zinc alloys 

A problem that remains with choline acetate is its long-term stability. Due 

to Hofmann rearrangement, choline decomposes in alkaline environment to 

ethylene glycol and trimethylamine. Apart from the degradation of the ionic 

liquid and the unpleasant smell of trimethylamine, the latter is known to 

act as a primary additive on the deposition of zinc as well. The 

uncontrollable degradation of the ionic liquid thus puts restraints on the 

use of choline-based ionic liquids. A possibility to circumvent this could be 

taking advantage of the “tunability” of ionic liquids by introducing 

alternative cations, which are not prone to Hofmann degradation.  

More than in aqueous brass plating solutions, the deposition in ionic liquids 

opens possibilities for ternary alloys or alloys constituted of even more 

components. For example, when the adhesion of rubber to steel is 

envisioned, elements such as cobalt are known to have a beneficial 

influence on the copper-zinc alloy, even when added in small quantities. 

The development of a single-step deposition process of the ternary alloy 

could be an important improvement upon current technology. From an 

environmental perspective, alternatives for cobalt should be studied as 

well. Another possible application of ternary alloy coatings based on 

copper-zinc is the addition of tin for the production of precursors of copper-

zinc-tin-based thin-film solar cells. The solution for electrodeposition of 
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brass from choline acetate provides a basis for studying the 

electrodeposition of ternary alloys in future work. 

 

� Electrodeposition of molybdenum 

The deposition of uniform layers of pure molybdenum at a high current 

efficiency and at an acceptable deposition rate remains challenging. Still, 

the “tunability” of ionic liquids could provide an opportunity for 

improvement. Due to their high thermal stability the use of phosphonium 

cations remains advisable as deposition of molybdenum at temperatures 

below 200 °C in the near future seems unlikely. The use of molybdenum(III) 

chloride as molybdenum source in a chloride-based ionic liquid has the 

advantage that no different anions are introduced in the mixture. 

Nevertheless, the presence of chlorides increases the risk to deposit 

subvalent molybdenum chlorides. This shows the need for chloride-free 

molybdenum precursors and tailor-made chloride-free ionic liquids for pure 

molybdenum metal deposition at low to moderate temperatures. A 

thorough understanding of the coordination of molybdenum in these 

mixtures could provide a lead to the deposition mechanism of 

molybdenum. The many different oxidation states of molybdenum and the 

possibility to form polynuclear molybdenum complexes make this study not 

trivial. 
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A.1. Introduction
6
 

Reduction potentials of electrochemical processes in aqueous solutions are 

commonly determined versus the standard hydrogen electrode (SHE), 

which has a standard reduction potential of 0.0 V by convention. Several, 

more practical, reference electrodes were devised for use in aqueous 

solutions. The most common is the Ag|AgCl reference electrode, which 

consists of a silver wire that is coated at the end with AgCl and is immersed 

in a saturated solution of KCl; the potential of the Ag|AgCl reference 

electrode in these conditions is +0.197 V versus SHE. According to Izutsu 

[117], there is no primary reference electrode for non-aqueous electrolytes 

comparable to the SHE. Other non-aqueous reference electrodes have been 

constructed. Often they are based on the Ag|Ag+ redox couple. This is 

accomplished by dissolving the Ag+-cation in the selected solvent in 

presence of a complexing agent. The latter is especially required in weakly 

coordinating solvents. Often a cryptand is used for this purpose. This works 

well in e.g. acetonitrile (AN). In some cases, such as e.g. dimethylformamide 

(DMF) Ag+ spontaneously reduces to Ag0, which causes an instable potential 

value of the reference electrode. An I3
-,I-|Pt reference system also provides 

a useful reference electrode for certain non-aqueous electrolytes such as 

propylene carbonate (PC) or n-methyl-2-pyrrolidone (NMP) [117]. The 

solution with the redox couple is kept in a separate compartment and the 

contact with the solution under study is minimized. This is achieved by 

means of a porous frit or another diaphragm. 

However, IUPAC has recommended the use of internal reference 

substances added to the system under study to compare and determine 

reduction potentials [122]. A schematic overview of the recommended 

method is given in Figure A.1. By adding the internal reference, the half-

wave potential EM of the system under study can be measured versus the 

half-wave potential of the internal reference (EFc in Figure A.1.). In this 

example, EM is thus reported as -0.9 V versus EFC. 

                                                           
6
 This appendix is based on De Vreese P., Haerens K., Matthijs E., Binnemans K., 

Electrochim. Acta, 2012, 76, 242-248. 
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Figure A.1. Referring to the ferrocene/ferrocenium internal 

reference as recommended by IUPAC for the measurement of 

electrode potentials: 1) The system under study (M) only, 2) after 

addition of the reference system (e.g. Ferrocene). Reproduced with 

permission from [117]. 

  

�  Reference potentials in ionic liquids 

Viscosities of ionic liquids are generally higher than aqueous electrolytes. 

This affects the electrical conductivity as well as both are related through 

Walden’s rule. As a consequence, the error on the measured potential due 

to uncompensated resistance and the liquid junction potential is more 

important in ionic liquids than in aqueous solutions. As explained by Izutsu 

[117] (Figure A.1.), the difference in potential between the half-wave 

potential of both the internal reference and the studied redox couple is 
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measured by cyclic voltammetry and used to refer the potential of the 

redox couple versus the internal reference. As an illustration of the effect of 

an increased uncompensated resistance, Figure A.2. shows the cyclic 

voltammograms of a 5 mmol dm-3 ferrocene solution in Ethaline200 where 

an external resistor of 1462 Ω was inserted in the electrical circuit. 

 

 

Figure A.2. Cyclic voltammograms at 50 mV s-1 of a 5 mmol dm-3 

ferrocene solution in Ethaline®200 (−−−−) and with an external 

resistor of 1462 Ω inserted in the circuit (- - - -). Work electrode was 

a platinum disk of 1 mm diameter, reference electrode a 

Ag|Ag+(0.010 mol dm-3 AgNO3) Kryptofix®22 (0.100 mol dm-3) 

reference and a RuO2/IrO2 coated titanium grid was used as counter 

electrode. Temperature was 22 °C. 

 

 

It is observed from Figure A.2. that the addition of the resistor decreases 

the peak current in the cyclic voltammogram. This results in a decreased 
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sensitivity. The half-wave potential remains at the same position. However, 

by using square wave voltammetry instead of cyclic voltammetry, sensitivity 

can be improved. The main parameters of square wave voltammetry are 

discussed in paragraph A.3. Figure A.3. illustrates the same experiment as in 

Figure A.2. but here square wave voltammetry is applied to measure the 

half-wave potential. It is clear that in this case not only the influence of the 

inserted resistor is negligible, but also differential current densities are 

higher compared to those obtained by cyclic voltammetry. This enables 

higher sensitivities, which is an advantage when the solubility of internal 

reference compounds is limited. 

 
Figure A.3. Square wave voltammograms with amplitude of 50 mV, 

frequency of 25 Hz and step potential of 5 mV of a 5 mmol dm-3 

ferrocene solution in Ethaline®200 (�) and with an external resistor 

of 1462 Ω inserted in the circuit (�). Work electrode was a 

platinum disk of 1 mm diameter, reference electrode a 

Ag|Ag+(0.010 mol dm-3 AgNO3) Kryptofix®22 (0.100 mol dm-3) 

reference and a RuO2/IrO2 coated titanium grid was used as counter 

electrode. Temperature was 22 °C. 
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This intuitive experiment indicates that square wave voltammetry has an 

undisputable advantage over cyclic voltammetry concerning the sensitivity 

of the measurement of reversible redox couples in ionic liquids. The 

reduction of the influence of the uncompensated resistance is mainly due 

to the differential nature of square wave voltammetry. Background 

currents, which are often high in ionic liquids, are also strongly suppressed, 

resulting in a high signal to noise ratio. 

The mathematical complexity of square wave voltammetry often hampers 

an easy application and in many cases cyclic voltammetry is preferred. 

Analytical equations that predict the behavior of the current as a function 

of applied potential, have been described by Osteryoung and O’Dea [282-

283] for square wave voltammetry in a planar diffusion regime. The method 

involves solving Fick’s second law of diffusion. The initial condition  

assuming a homogeneous solution at the start of the experiment and the 

semi-infinite condition assuming the solution remains unperturbed at a 

long distance from the electrode, provide two straightforward boundary 

conditions. The third boundary condition is found by assuming Nernst 

equilibrium applies at the surface and this at every potential the square 

wave signal passes through. Because of the latter boundary condition a 

summation term enters the analytical equation. After each potential step of 

the square wave voltammogram the current at that potential consists of a 

sum of partial contributions that are calculated at each of the preceding 

potentials where the square wave has passed through. This itterative 

operation is reflected in the analytical equation and a quite complex 

expression results. Whelan et al. [284] derived a similar equation for micro-

electrodes which covers both the planar and spherical diffusion regime. 

Because of the complexity of the analytical expressions it is not 

straightforward to derive from these equations relations that have to be 

met in a square wave voltammogram for a redox couple to be called 

reversible. Therefore, starting from the analytical expressions, relations 

indicating reversibility have been derived empirically [284]. Aoki et al. 

investigated the dependence on the electrode geometry of the shape of a 

square wave voltammogram for reversible redox couples and derived an 

equation that consists of the product of a geometrical term and a potential 
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term [283]. Verification with numerical simulations proves independence of 

the shape of the voltammogram on the geometry of the electrode: the 

peak-shaped curve remains symmetrical with the peak positioned at the 

formal reduction potential E°’ of the redox couple. Approximate equations 

for the peak current and the peak width at half height could be derived as 

well. However, the relations found in literature only poorly specify the 

experimental conditions in which these relations are valid. Most often they 

are derived for aqueous solutions. In this work the limits of the applicability 

of these relations are verified or new empirical coefficients are sought for, 

for the typical experimental conditions when working in ionic liquids. 

 

A.2. Experimental 

� Chemicals 

1-Butyl-3-methylimidazolium bis(trifluoromethylsulphonyl)imide 

([C4mim][NTf2]) (99%, Iolitec), 1-ethyl-3-methylimidazolium ethylsulphate 

([C2mim][ES]) (Evonik), tributylethylphosphonium diethylphosphate 

([P2444][(C2)2PO4], 95%, Iolitec) and all other chemicals were used as 

purchased without further purification. A deep-eutectic solvent (DES) of 

choline chloride (99%, Acros Organics) and ethylene glycol (99.5%, Merck) 

in a molar ratio of 1:2 was prepared and will further be referred to as 

Ethaline®200. A similar deep-eutectic solvent consisting of a 1:2 molar 

mixture of choline chloride and urea (98%, Acros Organics) was prepared 

and is referred to as Reline®200 [285]. The water content was determined 

by Karl Fischer (787 KF Titrino, Metrohm) titration: less than 0.05 wt%, 0.54 

wt%, 0.38 wt% for [C4mim][NTf2], [C2mim][ES] and Ethaline®200 

respectively was measured. Before use, bis(cyclopentadienyl)iron (98%, 

ferrocene, Sigma-Aldrich) was sublimated. Stock solutions (0.020 mol dm-³) 

of sublimated ferrocene, cobaltocene (Sigma-Aldrich), copper(II) chloride 

dihydrate (extra pure, Merck), potassium hexacyanoferrate(III) (99%, 

Merck), ammonium hexachloroiridate(III) (Alfa Aeser), 

trichlororuthenium(III) hexamine (98%, Acros Organics) and 
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bis(biphenyl)chromium (kindly supplied by Gerhard Gritzner, University of 

Linz, Austria) in acetonitrile (HPLC-quality, Acros Organics) were made and 

the required amount transferred into the ionic liquid, followed by the 

evaporation of acetonitrile. A reference electrode with 0.010 mol dm-3 

AgNO3 (“Pur”, Merck) and 0.100 mol dm-3 Kryptofix®22 (>99%, Merck) in 

acetonitrile was constructed with a non-aqueous reference Kit (BASi). 

 

� Equipment 

Electrochemical measurements were performed on an Autolab PGStat12 

potentiostat (EcoChemie, NL) controlled by NOVA 1.5 software. The 

working electrodes were a platinum disk with a radius of 0.5 mm, a gold 

disk with a radius of 1 mm or a glassy carbon disk with a radius of 1.5 mm. 

Before each measurement, the electrodes were polished with 15 µm 

diamond paste, followed with 3 µm diamond paste and finally with 0.05 µm 

alumina on a polishing cloth (BASi). Subsequently, the electrodes were 

rinsed with Millipore® ultrapure water with a resistivity above 18.0 

megaohm cm at 25 °C and acetone and finally air-dried. A dimensionally 

stable anode (DSA) consisting of a titanium grid coated with RuO2/IrO2 

(Magneto Special Anodes B.V.) was selected as the counter electrode. The 

reference electrode, used for reasons of comparison, was a Ag|Ag+-

Kryptofix®22 in acetonitrile reference electrode. The existence of a 

contribution of liquid junction potential is unavoidable with this control 

reference, but it still enables the detection of severe discrepancies from the 

expected position. 

The solutions were freshly prepared before use in order to avoid 

inaccuracies due to the instability of both oxidized and reduced forms of 

the redox couple. Such problems have been reported earlier for the 

ferrocenium cation [143]. Samples were flushed with nitrogen gas for 10 

minutes prior to each measurement and the temperature was controlled at 

(25.0 ± 0.1) °C with a thermostatic bath. The concentration of the electro-

active species in solution was close to 4 mmol dm-3. However, the exact 

concentration of dissolved internal reference has not been determined, 
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because this value is not required for the interpretation of our 

electrochemical data. 

 

� Calculations 

In order to calculate the theoretical differential peak current and peak 

width at half height of an reversible oxidation process and the dependence 

of these parameters on the frequency f and amplitude Esw of the square 

wave signal, a program for the calculation of the square wave 

voltammogram was written with Visual C++ 2010 Express based on the 

analytical solutions presented by Whelan et al. [284]. The data were 

calculated by solving the rigorous expressions for the forward, reverse and 

net current derived in [284]. For this calculation, input about the system 

under study, namely the formal reduction potential, diffusion coefficient, 

bulk concentration, radius of the work electrode, temperature and the 

amount of transferred electrons has to be provided. The square wave signal 

parameters (initial potential, end potential, step potential, square wave 

amplitude and the square wave frequency) are also required as input into 

the program. This program calculates the forward, reverse and net peak 

currents and the peak width at half height. It also provides a visual plot of 

the square wave voltammogram. The net peak current of the calculated 

plot was determined by taking the top coordinates of a parabola made up 

by the top three points of the peak. The peak width at half height was 

calculated by taking the difference of the potentials between the two 

calculated points in the square wave voltammogram with the current 

nearest to half the value of the net peak current both before and after the 

peak potential. Through this calculation, a set of datapoints was obtained to 

which a non-linear fitting procedure was applied in the dataprocessing 

program OriginPro8. This fitting procedure consists of entering equation 

A.6. as the theoretical curve with A1 as parameter to be fitted. The fitting 

itself is an iterative process to minimize the chi-square values with chi-

square: Χ² = 	∑ "#�$# − $&#�²'
#(� . Here wi is a weighting coefficient, $#  are 

the calculated data points and $&#  are the datapoints from the theoretical 
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curve. The “best-fit” is obtained for the parameter corresponding to a 

minimized chi-square value. 

Besides the determination of the dependence of the peak current with the 

amplitude of the square wave Esw and the peak width at half height with our 

computer program, these parameters were calculated as well with the 

approximate equation (eq. A.9.) proposed by Aoki et al. [283]. 

 

A.3. Square wave voltammetry 

Square wave voltammetry (SWV) is a well-established technique in modern 

electrochemistry [282, 286-287]. The signal of a square wave 

voltammogram is the superposition of a step-function and a square wave. 

The resulting increasing square wave signal is illustrated in Figure A.4. A 

conditioning potential Ec (V) is applied during the conditioning time tc (s). 

The initial potential Ei (V) is the actual start of the square wave 

voltammogram. The amplitude ESW (V), period τ (s) and step potential ΔEs 

(V) characterize the square wave signal. Often the frequency f = τ-1 (Hz) is 

employed instead of the period. This waveform is repeated until a final 

potential Ef (V) is reached. Currents are sampled at the end of each half 

period. These currents are designated  Iforward (A) and Ireverse (A), depending 

on the direction of the step. The total differential current ΔI (A) is then the 

subtraction:  Iforward – Ireverse.  
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Figure A.4. Potential scheme of square wave voltammetry where Ec 

is the conditioning potential, tc the conditioning time, Ei the initial 

potential, Esw the square wave amplitude, ΔEs the step potential, τ 

the square wave period and Ef the final potential. 

 

In literature [284], the comparison of square wave voltammograms 

recorded with a different set of parameters is done by means of the 

dimensionless square wave period p, which is calculated by equation A.1. 

with D (m2 s-1) the diffusion coefficient, f (s-1) the square wave frequency 

and r (m) the electrode radius: 

 ) = �	*
+	,-  (eq. A.1.) 

Similarly, a dimensionless total differential current is expressed by equation 

A.2. [284]: 
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 ψ =	 /0
'	1	2∗	3	,- 4

3	5
* 6

�/�
 (eq. A.2.) 

With n the amount of electrons involved in the reaction, F the constant of 

Faraday (96847 C mol-1) and C* the bulk concentration of the reaction 

product (mol m-3). For the dimensionless differential peak current ψp, ΔIp is 

used in equation A.2. resulting in: 

 ψ7 =	 /08
'	1	2∗	3	,- 4

3	5
* 6

�/�
  (eq. A.3.) 

Combining several parameters in one dimensionless parameter allows a 

quick estimate of the behavior of the system; investigating the response of 

each parameter separately clearly is more laborious. Because the range of 

e.g. viscosities or diffusion coefficients is broad in the case of ionic liquids, 

this method is particularly suitable in these media. Also the use of different 

electrode geometries and corresponded diffusion regimes are covered by 

the dimensionless parameters. 

The validity of several parameters as indicators for reversibility in square 

wave voltammograms has been described earlier [283, 286, 288]. But, they 

have been derived with aqueous solutions in mind. The range of these 

parameters in ionic liquids is typically of another order. In this dissertation, 

three indicators for reversibility have been evaluated both theoretically and 

experimentally, for their use in ionic liquids. A first parameter is the linear 

relationship between the peak current ΔIp and the square root of the 

frequency 9:;  a second parameter is the linear relation between ΔIp and 

;<=ℎ��? ∙ = ∙ ABC� �2 ∙ E ∙ F�⁄ �; a third parameter the peak width at half 

height W1/2 and the square wave amplitude Esw. In the next sections the 

origin and the validity of these three parameters are discussed briefly. 
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� Linear relation between ΔIp and 9H 

As discussed earlier, a rather complex analytical expression for the behavior 

of  a reversible redox system R � O + ne- square wave voltammogram has 

been derived by [282, 284]. The same authors found a simple empirical 

correlation that fits the analytical curve for a wide range of p with a relative 

error less than 0.3%:  

 ψI =	J0.846 ∙ 9) + 	1.06 + 0.25 ∙ P�Q.R√IT  (eq. A.5.) 

The constants in the expression are dependent on nΔEs and nEsw. Whelan et 

al. derived the empirical relation (equation A.5) only for the parameters 

nΔEs = 10 mV and nEsw = 50 mV where n is the amount of transferred 

electrons, ΔEs is the square wave step potential and Esw is the square wave 

amplitude [284]. These square wave parameters are not necessarily the 

best choice for measurements in any given non-aqueous solvent or ionic 

liquid. Because of the sometimes poor solubility of typical internal 

reference systems such as ferrocene, cobaltocene and 

bis(biphenyl)chromium tetraphenylborate in ionic liquids, measurements at 

lower nΔEs are preferred: a lower step potential increases the resolution of 

the square wave voltammogram, thus making it possible to detect 

compounds in lower concentrations. 

Therefore, in this dissertation empirical relations for other parameters of 

nΔEs and nEsw were fitted. The general expression that is used for this 

purpose is : 

 ψI = JU� ∙ 9) +	U� + 	0.25 ∙ P�Q.R√IT  (eq. A.6.) 

The fitting is performed on the corresponding p - ψI plot obtained with the 

analytical expression derived by Whelan et al. for a reversible system under 

spherical diffusion control [284]. The data points of the latter are obtained 

by the self-written computer program.  
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The variables A1 and A2 are only slightly dependent on nΔEs, but are strongly 

dependent on nEsw. The variable A2 can easily be extracted from equation 

A.6. in the limit of small values of p as ψI approaches (A2 + 0.25) when 

)	 → 	0, or :	 → 	∞	. This leaves only one variable A1 to be fitted. Our 

square wave program was employed to calculate ψIfor a step potential 

nΔEs = 2 mV and amplitudes nEsw of 10, 25, 50 and 75 mV for a series of 

different p-values ranging from 10-9 up tot 4000. These are quite extreme 

values of p: with D = 10-5 cm2 s-1,  f = 1 Hz and r = 1 µm an upper limit for p = 

4000 and with D = 10-8 cm2 s-1,  f = 103 Hz and r = 2 mm a lower limit for p = 

10-9 defines realistic boundaries for the range of p-values, even in ionic 

liquids. Table A.1. summarizes the values of A1 and A2 for values of nEsw 

values with nΔEs = 2 mV. Table A.2. follows the same procedure for a series 

of values of nΔEs with nEsw = 50 mV. 

 

Table A.1. Fitted values for A1 for different nEsw at a constant nΔEs = 2 mV 

for simulated values of ψI = JU� ∙ 9) +	U� + 	0.25 ∙ P�Q.R√IT (eq. A.6.). 

nEsw A1 A2
a
 R² 

10 mV 0.20241 ± 12E-4 0.08843 0.99770 

25 mV 0.49583 ± 7.0E-4 0.53085 0.99987 

50 mV 0.83739 ± 1.7E-4 1.03907 >0.99999 

75 mV 1.00756 ± 1.0E-4 1.28919 >0.99999 

100 mV 1.07980 ± 2.1E-4 1.39456 >0.99999 
a Values for A2 were determined as the value at	limI→Q�P[. U. 6. �  where p 

= 10-15 is taken as the numerical approximation for p = 0. 

 

 

 Table A.2. Fitted values for A1 for different nΔEs at constant nEsw = 50 mV 

for simulated values of ψI = JU� ∙ 9) +	U� + 	0.25 ∙ P�Q.R√IT (eq. A.6.). 

nΔEs A1 A2
a
 R² 

2 mV 0.83739 ± 1.7E-4 1.03907 >0.99999 

5 mV 0.82219 ± 1.7E-4 1.04360 >0.99999 

10 mV 0.79519 ± 0.2E-4 1.04396 >0.99999 
a Values for A2 were determined as the value at	limI→Q�P[. U. 6. �  where p 

= 10-15 is taken as the numerical approximation for p = 0. 
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The linear relation between ΔIp and 9: for reversible reactions, becomes 

clear when switching from the dimensionless net peak current ψp, to the 

real net peak current ΔIp  in the empirical relations (equation A.6.): a factor 

9: appears and the general relation between the peak current ΔIp and  the 

square wave frequency f for any value of nΔEs and nEsw becomes :  

 ∆]7 = 	= ∙ ? ∙ ^∗ ∙ _� ∙ 9` ∙ a ∙ : ∙ JU� ∙ 9) +	U� + 0.25 ∙ P�Q.R√IT(eq. A.7.) 

where n is the number of transferred electrons, F the Faraday constant 

(96485 C mol-1), C* the bulk concentration (mol m-³), r the electrode radius 

(m), D the diffusion coefficient (m² s-1), and p the dimensionless square 

wave period. 

In the limiting case of )→	0, or :	 → 	∞ equation A.7. approaches 

 ∆]7 = �U� + 0.25� ∙ 	= ∙ ? ∙ ^∗ ∙ _� ∙ 9` ∙ a ∙ :  (eq. A.8.) 

and thus a linear relation with 9: is expected at not too large values of p.  

The more general expression that Aoki et al. [283, 286] derived from the 

work of Whelan et al. [282, 284] shows a linearity between ΔIp and 9: as 

well, which is clear from equation A.9.: 

 ∆]7 = 0.9653 ∙ = ∙ ? ∙ ^∗ ∙ ` ∙ _� ∙ 9a ∙ : ∙ tanh 41∙'∙hij
�∙k∙l 6  (eq. A.9.) 

Figure A.5. shows a comparison of equations A.8. and A.9. It is observed 

that both relations give similar results for frequencies ranging from 1 to 

1000 Hz. For the remainder, equation A.8. and the coefficients proposed in 

Table A.1. and A.2. will be used. 

The linear relation between ΔIp and 9: holds in the range of p between 10-9 

and 4000. For example, with nEsw = 50 mV and nΔEs = 2 mV the linearity 
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between ΔIp and 9: holds for values between p = 4×107 and p = 4×10-12. 

However, it should be taken into account that in the limiting case of )→	∞, 

equation A.7. predicts a frequency-independent value of the net peak 

current: 

 ∆]I = 2 ∙ U� ∙ √` ∙ = ∙ ? ∙ a ∙ ^∗ ∙ _  (eq. A.10.) 

Thus at extreme large values of p, or at very low frequencies or very small 

electrode radii, a deviation of the linear relation between ∆Ip and 9: can be 

expected. It is not unthinkable that the frequency-independent region 

could be reached when electrode sizes in the order of tens of nanometers 

are used. Yet the use of such nano-electrodes borders the limits of validity 

for the equations applied here. 
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Figure A.5. Calculated ΔIp versus 9: for two extreme values of p. 

Full lines represent data obtained by equation A.8., dotted lines 

with symbols are values obtained by equation A.9. 

 

� Linear relation between ΔIp and	mnop4q∙o∙rst
u·w∙x 6  

Equation A.9. shows a linear relation between ΔIp and 

;<=ℎ��? ∙ = ∙ ABC� �2 ∙ E ∙ F�⁄ � at a constant frequency. This is thus 

another parameter that can be used to verify reversibility of a square wave 

voltammogram. It is derived for large electrodes, but as shown in Figure 

A.6., the linearity holds for smaller electrodes as well: data obtained with 

our program are plotted for different frequencies at constant values of D, 

C* and nΔEs with an r = 1 µm. 
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Figure A.6. Calculated ΔIp versus tanh(ηsw/2) for different 

frequencies with r = 10-6 m; D = 10-5 cm² s-1; ^∗= 10-5 mol cm-³ and 

nΔEs = 2 mV with ηz{ =	? ∙ = ∙ Az{ E ∙ F⁄ . 

 

� Dependence of W1/2 and Esw 

The peak width at half height W1/2 is another parameter that can be used to 

show the reversibility of a square wave signal. Calculations with our 

computer program show W1/2 is independent of p and only slightly 

dependent on nΔEs, but an important dependence on nEsw is observed. This 

is illustrated in Table A.5. where data of W1/2 for several values of nEsw are 

represented. A relation between W1/2 and nEsw has been derived earlier by 

Aoki [283] as a good approximation of the quite complicated analytical 

equation. The expression was verified by numerical simulation of the 

square wave voltammogram by Brookes et al. [288]: 

 |�/� =	k∙l
'∙1 ∙ 43.61 +	 �}.~}∙���-

����	}R.�}6  (eq. A.11.) 
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 for Esw> 12 mV, with 

 ηz{ =	 1∙'∙h��
k∙l   (eq. A.12.) 

A.4. Experimental verification of the three reversibility 

parameters on three redox reference couples in ionic 

liquids 

In a first screening, several possible redox reference couples were tested in 

some ionic liquids. The choline chloride based deep-eutectic solvent 

Ethaline®200 was selected because of the experience built up in our lab 

with the use of this solvent. Based on the popularity of [C4mim][NTf2] in 

studies of imidazolium-based ionic liquids, this ionic liquid was selected, 

together with a cheaper one: [C2mim][ES]. The selection of candidate redox 

reference couples was based on literature. E.g. ferrocene, 

bis(biphenyl)chromium and cobaltocene are often used for this purpose 

already and recommended by IUPAC in non-aqueous electrolytes, as 

mentioned in paragraph A.2. Aqueous probes such as ferricyanide [289], 

hexamine ruthenium(III) chloride [290-291] and ammonium 

hexachloroiridate(IV) [292-293] were also examined for use in ionic liquids. 

This first screening test consisted of a cyclic voltammogram taken in the 

solution containing about 5 mmol dm-3 of the candidate redox reference 

system at a scanning speed of 25 mV s-1 on a platinum disk. The ratio of 

anodic to cathodic peak heights should be one in the case of a reversible 

couple when diffusion coefficients of both reduced and oxidized species are 

considered to be similar. This is considered as the most commonly used 

measure for reversible behavior in cyclic voltammetry [294]. The screening 

test of several candidate redox reference systems was thus performed by 

cyclic voltammetry, while the selected systems will be checked on their 

reversible behavior more thoroughly by square wave voltammetry as was 

elaborated in paragraph A.3. As a first indication of reversibility in a CV, an 

acceptable deviation of 10% was allowed from this value, even though it is 

remarked that diffusion coefficients of charged and uncharged species 
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might differ considerably in ionic liquids. From this first rough screening, it 

was found that ferrocene, cobaltocene and bis(biphenyl)chromium 

exhibited acceptable reversible behavior in three of the tested ionic liquids. 

The other tested candidate systems (ferricyanide/ferrocyanide, CuCl2/CuCl, 

Cu(II)bipyridine/Cu(I)bipyridine, hexachloroiridate(III)/hexachloroiridate(II) 

and hexamine ruthenium(III) chloride/hexamine ruthenium(II) chloride) 

performed less in the selected ionic liquids. In some cases, acceptable 

reversible behavior was observed. Nevertheless, large deviations from the 

theoretical value of one (easily over 50%) in the peak-to-peak ratio, 

solubility issues, absence of redox activity inside the electrochemical 

window, etc. occurred frequently. It was therefore decided to investigate 

the reversibility in more detail and different substrates for these three 

redox couples: ferrocene/ferrocenium, cobaltocene/cobaltocenium and 

bis(biphenyl)chromium(0)/(I). 

Square wave voltammograms were recorded on three different commonly 

used inert substrates (Pt, Au and glassy carbon (GC) disk electrodes) at 

different frequencies (1 to 250 Hz) and amplitudes (25 to 100 mV), in the 

ionic liquids 1-butyl-3-methylimidazolium bis(trifluoromethylsulphonyl)-

imide, [C4mim][NTf2], 1-ethyl-3-methylimidazolium ethylsulphate, 

[C2mim][ES] and in the deep-eutectic solvent Ethaline®200 (choline chloride 

and ethylene glycol in a 1:2 molar ratio). Figure A.7. illustrates the square 

wave voltammogram for the oxidation of ferrocene on platinum in the ionic 

liquid [C4mim][NTf2] over the total range of frequencies at an amplitude of 

50 mV. Similar square wave voltammograms are obtained for the three 

tested internal redox references couples ferrocene/ferrocenium, 

bis(biphenyl)chromium(0)/(I) and cobaltocene/cobaltocenium on Pt, Au and 

GC in [C4mim][NTf2], [C2mim][ES] and Ethaline®200. 
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Figure A.7. Square wave voltammogram for the oxidation of 

ferrocene in [C4mim][NTf2] at different frequencies (1 – 250 Hz). 

nEsw = 50 mV, nΔEs = 2 mV. Pt disk electrode (Ø 0.5 mm). Reference 

electrode: Ag|Ag+ (0.010 mol dm-³ AgNO3) Kryptofix®22 (0.100 mol 

dm-³) in acetonitrile at 25.0°C. 

 

The position of the peak potential Ep remains constant in a range of 

maximum 13 mV in all investigated solutions. This is an essential 

requirement and allows the verification of the solvent independence of 

these redox couples with a method suggested by IUPAC [122]: a constant 

potential difference between two internal references in different solvents 

indicates independence of the solvent. This is presented in Table A.3. for 

the internal references investigated. These values correspond well to the 

reported potential differences found in literature as will be discussed later. 

The individual peak potentials of each reference redox couple versus the 

employed reference electrode is summarized in Table A.4. 
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The reversibility criteria proposed in reference [286] for square wave 

voltammetry i.e. a linear relation between ΔIp and 9: , a linear relation 

between ΔIp and ;<=ℎ��? ∙ = ∙ ABC� �2 ∙ E ∙ F�⁄ � and the comparison 

between the theoretical and experimental value of W1/2 versus Esw, are 

checked for all of these couples. As an example, the ferrocene/ferrocenium 

couple will be discussed in more detail.  
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Table A.4. Peak potentials Ep (in V) versus a Ag|Ag+ (0.010 mol dm-³ AgNO3), 

Kryptofix®22 (0.100 mol dm-³) in acetonitrile reference electrode of 

ferrocene/ferrocenium, cobaltocene/cobaltocenium and bis(biphenyl)-

chromium(0)/(I) on Pt, Au or glassy carbon (GC) substrates in [C4mim][NTf2], 

[C2mim][ES] and Ethaline®200.  

  [C4mim][NTf2] [C2mim][ES] Ethaline®200 

Ferrocene 

/ferrocenium 

Pt 0.460 ± 0.003 0.391 ± 0.006 0.330 ± 0.001 

Au 0.465 ± 0.001 0.393 ± 0.001 0.326 ± 0.100 

GC 0.463 ± 0.002 0.386 ± 0.006 0.330 ± 0.001 

Bis(biphenyl)-

chromium(0)/(I) 

Pt -0.652 ± 0.001 -0.733 ± 0.006 -0.765 ± 0.005 

Au -0.658 ± 0.007 -0.736 ± 0.005 -0.764 ± 0.003 

GC -0.661 ± 0.002 -0.735 ± 0.003 -0.774 ± 0.009 

Cobaltocene/ 

cobaltocenium 

Pt -0.875 ± 0.001 -0.953 ± 0.004 / 

Au -0.880 ± 0.001 -0.946 ± 0.004 -0.994 ± 0.003 

GC -0.881 ± 0.001 -0.952 ± 0.001 -1.002 ± 0.006 

 

� ΔIp versus 9H 

A first indicator of reversibility is the linear relationship between ΔIp and the 

square root of the applied frequency f. This is depicted in Figure A.8. for the 

oxidation of ferrocene on a platinum disk electrode in the three ionic 

liquids. A linear correlation with a correlation coefficient better than 0.995 

is found at frequencies lower than 25 Hz. The deviation at higher 

frequencies is ascribed to lower cell time constants due to the higher 

viscosity of the solutions. 
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Figure A.8. Correlation between ΔIp and 9: for the oxidation of 

ferrocene in three different electrolytes with nEsw = 50 mV and nΔEs 

= 2 mV. Pt disk electrode (Ø 0.5 mm). Deviation from linear 

behavior is observed at the higher frequencies (> 100 Hz). 

Reference electrode: Ag|Ag+ (0.010 mol dm-³ AgNO3) Kryptofix®22 

(0.100 mol dm-³) in acetonitrile at 25.0°C. 

 

At frequencies smaller than 25 Hz, ΔIp versus 9: shows linearity with a 

correlation coefficient greater than 0.995 for ferrocene/ferrocenium, 

bis(biphenyl)chromium(0)/(I) and cobaltocene/cobaltocenium in 

[C4mim][NTf2], [C2mim][ES] and Ethaline®200 on all three substrates. 
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� ΔIp versus tanh(ηηηηsw/2) 

In Figure A.9. the dependence of ΔIp on tanh(ηsw/2) (eq. A.9.) is shown for 

the oxidation of ferrocene in the three electrolytes on a platinum disk at a 

frequency of 25 Hz. Linear correlations (R2 ≥ 0.995) are found over a range 

of Esw between 10 and 100 mV, indicating reversible behavior. 

 
Figure A.9. Correlation between ΔIp and tanh(ηsw/2) for the 

oxidation of ferrocene in different electrolytes with f = 25 Hz and 

nΔEs = 2 mV with ηz{ =	? ∙ = ∙ Az{ E ∙ F⁄ . Pt disk electrode (Ø 0.5 

mm). Reference electrode: Ag|Ag+ (0.010 mol dm-³ AgNO3) 

Kryptofix®22 (0.100 mol dm-³) in acetonitrile at 25.0°C. 

 

Except for the measurement on a gold disk electrode in Ethaline®200, all 

correlation coefficients obtained for the ferrocene/ferrocenium couple for 

the different substrates and ionic liquids are greater than 0.995.  



  Appendix A 

137 

 

� Peak width at half height W1/2 

Table A.5. compares W1/2 for several different amplitudes and ionic liquids 

with the theoretical values for reversible couples, which were obtained by 

simulation, at a frequency of 25 Hz. In Figure A.10. it is shown that the 

experimental values for ferrocene/ferrocenium in [C4mim][NTf2] on Pt with 

f = 25 Hz and nΔEs = 2 mV approach the predicted values well. However, in 

general over 50% of the measurements deviate more than 5% from the 

theoretical values.  

 

 
Figure A.10. Correlation between simulated and experimentally 

determined W1/2 for the oxidation of ferrocene in [C4mim][NTf2] 

with f = 25 Hz and nΔEs = 2 mV. A good linear relationship 

$ = 0.00791 + 0.94244� (with R² = 0.9989) was found. Pt disk 

electrode (Ø 0.5 mm). Reference electrode: Ag|Ag+ (0.010 mol dm-³ 

AgNO3) Kryptofix®22 (0.100 mol dm-³) in acetonitrile at 25.0°C. 
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There is no specific range of frequencies or amplitudes where the fit 

between theoretical and experimental values is always acceptable. The 

deviations depend randomly on these parameters. This can be ascribed to 

the fact that often in ionic liquids, a higher background current is observed 

compared to aqueous solutions, making the determination of the peak 

width at half height less accurate. Figure A.11. depicts the deviations for 

ferrocene/ferrocenium in [C4mim][NTf2] on Pt for different frequencies and 

amplitudes. 

 

 

 

Figure A.11. Dependence of W1/2 on 9: for the oxidation of 

ferrocene in [C4mim][NTf2] at different amplitudes (10, 25, 50, 100 

mV) at a Pt disk electrode (Ø 0.5 mm) with nΔEs = 2 mV. Reference 

electrode: Ag|Ag+ (0.010 mol dm-³ AgNO3) Kryptofix®22 (0.100 mol 

dm-³) in acetonitrile at 25.0°C. Theoretical (−−−−), simulated  

(- - - - ) and experimental values (symbols). 
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� Discussion 

Except for the cobaltocene/cobaltocenium couple in Ethaline®200 on a 

platinum disk electrode, which doesn’t give an electrochemical signal inside 

the electrochemical window, the position of the peak potentials of the 

three investigated internal references remains constant in [C4mim][NTf2], 

[C2mim][ES] and Ethaline®200 on all substrates (Pt, Au and GC). The 

cobaltocene/cobaltocenium couple in Ethaline®200 on platinum lays 

beyond the cathodic solvent limit. Even though the water content in 

Ethaline®200 is low, it is assumed that on platinum substrates, the cathodic 

solvent limit is the reduction of water. Therefore, due to the low 

overpotential for hydrogen-formation on platinum, it is expected that the 

electrochemical window in Ethaline®200 is smallest on a platinum 

substrate. This phenomenon stresses the need for verification of the 

validity of the use of any combination of internal reference / ionic liquid / 

substrate. In the ideal case a reliable internal reference is found for any 

type of ionic liquid and the selection criteria shown in this study can be 

used as a lead to prove applicability of any suggested reference redox 

couple in combination with any ionic liquid. 

For the investigated relations indicating reversibility optimal results were 

obtained at lower frequencies. The viscosity of these solvents is often quite 

high, leading to a more important influence of uncompensated resistance 

than in aqueous electrolytes due to a decreased electric conductivity 

(Walden’s Rule)[18, 295]. This in turn leads to a lower cell time constant, 

which hinders accurate measurements on a shorter time scale. Therefore, 

deviations at larger frequencies are not unexpected. In our study an optimal 

square wave frequency of 25 Hz was found for measurement of the first 

two criteria of linearity between ΔIp and 9: or tanh(ηsw/2). 

The linear relation between ΔIp and 9: holds for every tested condition, for 

frequencies smaller than 25 Hz. The correlation is even better for the 

measurement of the linear relation between ΔIp and tanh(ηsw/2) at 25 Hz 

and an amplitude Esw ranging between 10 mV and 100 mV. A combination 

of these two criteria is advisable in order to prove the applicability of a 

redox couple as an internal reference. Comparison of theoretical and 
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experimental W1/2 appeared to be somewhat unreliable. The inaccuracies 

might originate from the practical inability to extract the values in an 

accurate way from the voltammogram. This can be related with the 

background currents that are often important and complex in many ionic 

liquids. 

According to the IUPAC recommendations, a constant potential difference 

between two internal references in several solvents is an acceptable 

indication of solvent independence [122]. Literature values for the potential 

difference between cobaltocene/cobaltocenium and ferrocene/ 

ferrocenium in ionic liquids correspond well with the value of (1.337 ± 

0.005) V obtained in this study. Bond et al. found a separation of 1.334 V in 

[C4mim][PF6] on a platinum disk [296] and 1.332 V on a gold disk [127]. 

Snook et al. found a difference of 1.333 V in [BMPyrr][NTf2] [297]. In several 

protic and thioether functionalized ionic liquids, a separation of 1.34 V was 

found [131, 298]. On glassy carbon, a difference of ca. 1.30 V was observed 

in N,N-dimethylammonium N’,N’-dimethylcarbamate (DIMCARB) [299]. 

Values of ferrocene/ferrocenium versus bis(biphenyl)chromium(0)/(I) found 

in this work, i.e. (1.114 ± 0.006) V, correspond well with values between 

1.112 V and 1.153 V found for many organic solvents [119, 300]. However, 

reports in ionic liquids remain rather scarce. 

 

A.5. Conclusions 

With the aim to find a general procedure that ascertains the use of an 

internal reference redox couple in ionic liquids, three reversibility criteria in 

square wave voltammetry were evaluated for ferrocene/ferrocenium, 

cobaltocene/cobaltocenium and bis(biphenyl)chromium(0)/(I) in the ionic 

liquids [C4mim][NTf2] and [C2mim][ES] and in the deep-eutectic solvent 

Ethaline®200. Square wave voltammetry was the preferred electro-

analytical technique, because it shows an enhanced sensitivity for 

reversible couples. Thus, it allows measurements even at low solubility of 

the internal reference in the electrolyte, which often occurs for ionic 
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liquids. Simulations show linearity between ΔIp and 9: and between ΔIp 

and tanh(ηsw/2) in a large range of electrode sizes and diffusion coefficients, 

thus predicting applicability in a large range of ionic liquids. In experimental 

conditions linearity has been found between ΔIp and 9: for 25 mV ≤ Esw ≤ 

100 mV for frequencies up to 25 Hz. The linearity between the net peak 

current and tanh(ηSW/2) on platinum, gold and glassy carbon electrodes for 

ferrocene/ferrocenium and bis(biphenyl)chromium(0)/(I) is found in 

[C4mim][NTf2], [C2mim][ES] and Ethaline®200 for a frequency of 25 Hz and 

10 mV ≤ Esw ≤ 100 mV. The same applies for cobaltocene/cobaltocenium 

except for the situation of Ethaline®200 on a platinum disk, where no redox 

activity is observed inside the electrochemical window. At higher 

frequencies, deviations in the ΔIp - 9: plot are found which is ascribed to 

the lower cell time constant encountered in these viscous media. The 

deviation between theoretical and experimental values of the peak width at 

half height W1/2 are often quite important and seem to depend rather 

randomly on the applied parameters (Esw and f). This one-point method is 

not considered to be reliable. 

Solvent independence as described by IUPAC is found for the studied 

internal references by a constant difference in electrode potential, namely 

(1.337 ± 0.005) V between ferrocene/ferrocenium and cobaltocene 

/cobaltocenium and (1.114 ± 0.006) V between ferrocene/ferrocenium and 

bis(biphenyl)chromium(0)/(I). These values correspond well with those 

found in literature for other molecular solvents and ionic liquids. 

It was shown that for ionic liquids containing some amounts of water, 

internal reference redox systems such as e.g. ferrocene/ferrocenium can be 

applied, even though ferrocene itself is poorly soluble in water. This is 

advantageous for atmospheric measurements in rough (wet) conditions e.g. 

in hygroscopic ionic liquids or deep-eutectic solvents. 
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Health, safety and environment 

The manipulation of chemicals and equipment used in this dissertation was 

conducted following the required health, safety and environment (HSE) 

regulations. An assessment of the risks for each new experiment was 

performed and all possible measures were taken to diminish any risk. In 

most experiments, standard laboratory HSE measures such as wearing 

safety goggles, protective clothing and gloves were sufficient. Care was 

taken to use clean and undamaged glassware. When necessary, a fume 

hood was used. The scale of experiments was kept to a minimum to limit 

(hazardous) waste, which was disposed of by selective collection according 

to HSE regulations. Extra precautions were needed when working with the 

following substances or equipment. 

 

� Chemicals 

Potassium fluoride (KF) is toxic by inhalation, skin contact or by swallowing. 

Any manipulation of this substance was performed in a fume hood or inside 

a nitrogen-filled drybox. When combined with acids, hydrogen fluoride 

(HF), which is corrosive and highly toxic, can be produced. Therefore, all 

waste containing KF was collected and disposed of separately as alkaline 

solutions. 

The ionic liquid choline acetate was synthesized by neutralization of an 

aqueous solution of 17 wt% choline hydroxide (strong base) with 

concentrated acetic acid. Choline hydroxide was synthesized by Taminco by 

direct reaction of ethylene oxide with an excess of trimethylamine. After 

reaction the excess of trimethylamine was purged by nitrogen gas. Due to 

Hofmann elimination in alkaline environment, choline decomposes in 

ethylene glycol and trimethylamine. Therefore, care was taken to perform 

the neutralization as soon as possible after receiving the choline hydroxide 

solution. 
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All other ionic liquids used in this dissertation were commercially available 

and treated according to their MSDS. For instance, choline chloride is a 

harmless and biodegradable chemical. However, toxicological studies for 

many other ionic liquids are still unavailable. Nevertheless, these liquids are 

often characterized as non-volatile, which diminishes the risk of inhalation. 

Even though they are often said to have a low flammability, care must be 

taken when drying ionic liquids with nitrate or perchlorate anions, 

especially in the presence of dissolved metal salts. To further indicate that 

care must be taken with the generalization of “ionic liquids have a low 

flammability”, it must be mentioned that some ionic liquids are studied for 

use as rocket fuel [301-302]. Extra care was taken when working with highly 

concentrated metal salt-based ionic liquids. The 1:2 molar mixture of 

choline chloride:CuCl2·2H2O forms a corrosive substance which readily 

etches steel. A sufficient amount of water was added to this type of ionic 

liquid before the waste was disposed of through the waste collection 

procedure. 

 

� Equipment 

The main equipment used in this dissertation was a 

potentiostat/galvanostat. This is an electric power source to measure 

currents or potentials. However, the risk of electrification is very low due to 

the limited potential differences and small currents in the electrochemical 

cell. The risk is comparable to the use of typical 220 V house-hold 

equipment.  

Depositions at temperatures above 150 °C were performed in an oil bath 

with thermal oil stable up to 250 °C. The setup was placed in a fume hood. 

Care was taken to first lower the electrochemical cell in the oil before 

heating in order to avoid thermal shock. 

When using MoCl3, contact with oxygen and moisture must be avoided as 

molybdenum oxychlorides such as MoOCl3 can easily form. Therefore, 

handling of MoCl3 was performed in a nitrogen-filled glovebag or drybox. 

Safety procedures for purging and using a glovebag or drybox were strictly 
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followed. Mixtures with MoCl3 were made in a sealable cell which can be 

connected to a nitrogen-based Schlenk line in a fume hood. Care was taken 

to dry every component in the mixture thoroughly. Glassware was 

inspected before use to ensure safety during drying and during the purging 

steps when using the Schlenk line under vacuum (reduced pressures down 

to 2.5 mbar). 
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List of abbreviations 

AAS (flame) Atomic absorption spectrometry 

AN Acetonitrile 

CV Cyclic voltammogram 

DES Deep-eutectic solvent 

DIMCARB N,N-dimethylammonium-N’,N’-dimethylcarbamate 

DMF Dimethylformamide 

DSA Dimensionally stable anode 

DSC Differential scanning calorimetry 

DSSC Dye-sensitized solar cell 

ECW Electrochemical window 

EDX Energy-dispersive X-ray spectroscopy 

EXAFS Extended X-ray absorption fine-structure spectroscopy 

GC Glassy carbon 

GC-MS Gas chromatography – mass spectrometry 

HER Hydrogen evolution reaction 

HSE Health, safety and environment 

IUPAC International union of pure and applied chemistry 

LJP Liquid junction potential 

NMP n-methyl-pyrrolidone 

PC Propylene carbonate 

PVA Polyvinyl alcohol (average molecular weight 15 000 g mol-1) 

PVDF Polyvinylidene fluoride 

SEM Scanning electron microscopy 

SHE Standard hydrogen electrode 

SWV Square wave voltammetry 

TBAP Tetrabutylammonium perchlorate 

TEA Triethanolamine 

TGA Thermogravimetric analysis 

VOC Volatile organic compound 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction spectroscopy 
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List of ionic liquids 

[C2mim][Cl] 1-Ethyl-3-methylimidazolium chloride 

[C2mim][ES] 1-Ethyl-3-methylimidazolium ethylsulphate 

[C2mim][DCA] 1-Ethyl-3-methylimidazolium dicyanamide 

[C2mim][OTf] 1-Ethyl-3-methylimidazolium 

trifluoromethanesulphonate 

[C4mim][NTf2] 1-Butyl-3-methylimidazolium 

bis(trifluoromethylsulphonyl)imide 

[EMPyrr][Cl] N-ethyl-N-methylpyrrolidinium chloride 

[BMPyrr][Cl] N-butyl-N-methylpyrrolidinium chloride 

[BMPyrr][NTf2] N-butyl-N-methylpyrrolidinium 

bis(trifluoromethylsulphonyl)imide 

Ethaline®200 1:2 molar mixture of choline chloride:ethylene glycol 

Maline®200 1:2 molar mixture of choline chloride:malonic acid 

[N4444][Cl] Tetra-n-butylammonium chloride 

[P2444][(C2)2PO4] Tributylethylphosphonium diethylphosphate 

[P4444][Cl] Tetra-n-butylphosphonium chloride 

[P66614][Cl] Trihexyl(tetradecyl)phosphonium chloride 

[P66614][DCA] Trihexyl(tetradecyl)phosphonium dicyanamide 

Reline®200 1:2 molar mixture of choline chloride:urea 

Zicline®100 1:1 molar mixture of choline chloride: zinc chloride 

Zicline®200 1:2 molar mixture of choline chloride: zinc chloride 
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List of symbols 

Symbol Name Unit 

β Stability constant - 

β* Stability constant - 

η Cathodic current efficiency % 

ηSW Dimensionless square wave amplitude - 

κ Conductivity S.m-1 (S.cm-1) 

τ Square wave period s 

Ψ Total differential dimensionless  

square wave current 

- 

Ψp Total differential dimensionless  

square wave peak current 

- 

C* Bulk concentration mol.dm-³ 

D Diffusion coefficient m².s-1 (cm2.s-1) 

E Potential V 

Ep Peak potential V 

Ei Initial potential V 

Ef Final potential V 

ESW Square wave amplitude V 

ΔEs Square wave step potential V 

ΔE Potential difference V 

Ec Conditioning potential V 

F Faraday’s constant C.mol-1 

f Square wave frequency s-1 (Hz) 

I Current A 

ΔIp Total differential peak current A 

Iforward Forward square wave current A 

Ireverse Reverse square wave current A 

Ia Anodic peak current A 

Ic Cathodic peak current A 

n Number of transferred electrons - 

p Dimensionless square wave period - 

R Universal gas constant J.K-1.mol-1 

Ru Uncompensated resistance Ω 

r Electrode radius m 

T Temperature K (°C) 
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t Time s 

tc Conditioning time s 

W1/2 Peak width at half height V 

Ø Diameter m 
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