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The electrochemistry of zinc in ionic liquids with the 

trifluoromethylsulfonate anion and their mixtures 

with water  

Zhen Liu 

Abstract 

 

    Ionic liquids have received significant attention as an alternative to conventional 

electrolytes for metal deposition/dissolution processes due to some favorable properties. A 

fundamental study of zinc electrodeposition from ionic liquids is important for electroplating 

processes and for anode materials for rechargeable zinc based batteries.  

    The electrochemical behavior of zinc in ionic liquids was investigated by cyclic 

voltammetry and chronoamperometry. The zinc deposits were characterized by scanning 

electron microscopy (SEM) and X-ray diffraction (XRD). In situ scanning tunneling 

microscopy (STM) is conducted to investigate the initial phase formation of electrodeposited 

zinc at the electrolyte/electrode interface. The solvation of zinc ions in ionic liquids and in 

ionic liquid+water mixtures was investigated by FTIR and Raman spectroscopy. 

 

 The ionic liquids 1-ethyl-3-methylimidazolium trifluoromethylsulfonate  ([EMIm]TfO) 

and 1-butyl-1-methylpyrrolidinium trifluoromethylsulfonate ([Py1,4]TfO) were chosen 

for the investigation of zinc electrodeposition. The electrochemical behavior of 

Zn/Zn(II) in the ionic liquids was studied as a function of deposition overpotential, 

temperature and water content. The influence of an additive on the deposition of zinc 

was also investigated. 

 

 Nanostructured zinc matrix, such as free-standing zinc nanowires and macroporous 

zinc, were synthesized as well. Such materials might be potential anode candidates for 

future generation lithium ion batteries. An ionic liquid-based polymer gel electrolyte 

was prepared by combining the ionic liquid [Py1,4]TfO, with Zn(TfO)2 and 

poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP). The ionic liquid 

polymer gel electrolyte exhibits high conductivity and good mechanical stability, 

allowing a quasi-reversible zinc deposition/stripping. 

 



II 
 

 In situ STM results indicate that the structure of [EMIm]TfO on Au(1 1 1) is rather 

complex. Furthermore, the addition of Zn(TfO)2 changes the interfacial structure 

significantly. The first STM-probed Zn islands appear at +0.3 V vs. Zn, and their 

growth leads to the formation of a thin zinc layer. A bulk deposition of Zn is observed 

with in situ STM at −0.1 V vs. Zn. Furthermore, in situ STM reveals that the 

deposition of Zn is accompanied by the formation of Au-Zn surface alloys.  

 

 The solvation of zinc ions in ionic liquids and in ionic liquid+water mixtures was 

studied by FT-IR and Raman spectroscopy. The structure and physicochemical 

properties of the ionic liquids is strongly dependent on the interactions between 

cations, anions and water. The average coordination number of TfO
−
 per Zn

2+
 cation is 

different in two ionic liquids due to the different interactions between cations and 

anions. Zinc ions interact preferentially with water in ionic liquid+water mixtures, 

leading to aqueous zinc species. 
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1 Introduction 

1.1 Ionic liquids 

    Ionic liquids are salts in liquid state at temperatures < 100 °C, which consist of entirely ions. 

The cation and anion of the ionic liquids are usually poorly coordinated, resulting in melting 

points of these solvents usually below 100 °C, or even at room temperature.   

    The history of ionic liquids is widely regarded as starting from the synthesis of 

ethylammonium nitrate reported in 1914 by Walden [1]. In the 1950s the first room 

temperature ionic liquids (RTIL) based on AlCl3 were reported [2]. Such RTILs have been 

widely studied as solvents for conducting various reactions and as electrolytes for 

electrodeposition of Al. However, this kind of RTIL is moisture sensitive. Another type of 

ionic liquids, with imidazolium or pyridinium cations, and halide or tetrafluoroborate anions, 

has been extensively studied since the late 1970s [3-5]. They were initially developed as 

electrolytes in battery applications. In the last decades, a large number of air and water stable 

ionic liquids was prepared and used as solvents [6-10], furthermore attention has been paid 

towards the development of less toxic ionic liquids with e.g. ammonium cations. 

The combination of a huge amount of cations and anions leads to a theoretical number of 

1018 ionic liquids. Typical structures of cations and anions are shown in Fig. 1.1.1. 

 

 

 

Fig. 1.1.1 Some cations and anions of common ionic liquids. 

http://en.wikipedia.org/wiki/Imidazolium
http://en.wikipedia.org/wiki/Pyridinium
http://en.wikipedia.org/wiki/Halide
http://en.wikipedia.org/wiki/Ammonium
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1.2 Some physical properties of ionic liquids 

    Ionic liquids (ILs) exhibit many attractive physicochemical properties, including negligible 

vapor pressure, low flammability, high thermal stabilities and large electrochemical windows, 

which make them suitable in numerous task-specific applications [9, 11-14]. The properties of 

ionic liquids, such as melting point, viscosity, and conductivity, can be controlled by the 

selection of suitable cations and anions. Therefore, ionic liquids are often termed as "designer 

solvents".  

1.2.1 Melting point 

    Ionic liquids have quite low melting points compared with classical inorganic salts. NaCl 

has a melting point of 800 °C, due to strong electrostatic interactions and the correspondingly 

high lattice energy of the salt. However, ionic liquids such as [EMIm]Cl and [BMIm]Cl, have 

a melting point of 87 °C and 65 °C, respectively [15]. The good distribution of charge by the 

organic cations results in a reduction of the electrostatic interactions between the ions, which 

in turn results in a reduction in the melting point of the salt. The melting point of the ionic 

liquids is governed by both the cationic species and the anionic species. The interaction 

strength between cations and anions also affects the melting point. Cations with low 

symmetry, weak intermolecular interaction and a good distribution of charge generally favor 

low melting points.  

1.2.2 Thermal stability 

    Ionic liquids are thermally stable because of their very high decomposition temperature (up 

to 300 °C). Ionic liquids have a very large liquid range (e.g. [C4mim][NTf2]: −89 to 450 °C 

[16]) and very low vapor pressure. That allows the applications of ionic liquids at high 

temperature as solvent for organic reactions at high temperature, thermal energy storage, heat-

transfer fluids and high-temperature lubricants [17-20]. 

1.2.3 Viscosity and conductivity 

    Ionic liquids have usually a higher viscosity than aqueous solutions. The higher viscosity of 

the ionic liquid results in lower diffusion coefficients. The viscosities of the ionic liquids are 

typically in the range of 10–500 mPas [21-23]. Increasing temperature can effectively reduce 

the viscosity by more than one order of magnitude. Different cations and anions and their 

interactions have a strong effect on the viscosity. The interactions are a result of a subtle 

balance between Coulomb forces, hydrogen bonds and dispersion forces. The conductivity of 

javascript:popupOBO('CHEBI:46787','C3CS60071H','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=46787')
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ionic liquids is inversely proportional to viscosity, generally being greater than that of organic 

solvents/electrolyte systems. The conductivity depends both on the number of charge carriers 

and on their mobility. The conductivity of an ionic liquid is also strongly dependent upon 

temperature. 

1.2.4 Electrochemical windows 

Ionic liquids have larger electrochemical windows than aqueous solution. Water has an 

electrochemical window of only about 1.2 V, while, ionic liquids have a significantly larger 

electrochemical window, e.g., 5.7 V for 1-butyl-1-methylpyrrolidinium 

trifluoromethylsulfonate, [Py1,4]TfO on Au(1 1 1) electrode, and 5.5 V for 1-butyl-1-

methylpyrrolidinium bis(trifluoromethylsulfonyl)amide [Py1,4]Tf2N on glassy carbon [24]. A 

large number of pure metals and alloys, including reactive and refractory metals and 

semiconductors which cannot be deposited from aqueous solutions can be deposited from 

ionic liquid solutions. As shown in Fig. 1.2.1, the electrodeposition of metals like Al, Nb, 

semiconductors like Si, Ge and polymers like poly(3,4-ethylenedioxythiophene) 

(PEDOT),  poly(para-phenylene) (PPP) can be synthesized in ionic liquids [25]. 

 

 

 

Fig. 1.2.1 The electrochemical windows of water and ionic liquids with possible deposits. 

PEDOT: poly(3,4-ethylenedioxythiophene), PPP: poly(paraphenylene), PT: polythiophene. 

 

1.3 Electrodeposition from ionic liquids 

   The electrodeposition of many metals and alloys can be achieved from aqueous solutions, 

such as copper, zinc, silver, gold, nickel and chromium, which are largely used in 

electrorefining, decoration, corrosion protection and other functional surface finishings. 

However, some of the deposition processes are based on toxic solution (e.g., cyanide, strong 

acidic and alkaline solution) and have rather low current efficiencies (e.g., chromium). 
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Furthermore, electroplating of a range of elements, such as, aluminum, magnesium, tantalum, 

silicon, germanium and gallium, cannot be achieved in aqueous baths due to hydrolysis of 

water. The electrodeposition of metals and alloys from ionic liquids has gained much 

attention in the recent years due to their advantageous physicochemical properties, which 

makes them interesting alternatives to aqueous electrolytes for electrodeposition [25-28]. 

Ionic liquids have an electrochemical window of up to ± 3 V vs. NHE, which makes them 

interesting candidates for the electrodeposition of not only reactive metals and 

semiconductors but also polymers. Furthermore, ionic liquids are well suited to perform at 

elevated temperatures due to their low vapor pressures. Most importantly, they have a wide 

range of solubility for metal salts or molecular compounds. Most ionic liquids are 

nonflammable and nontoxic, thereby providing key environmental advantages when 

compared to organic solvents. First generation ionic liquids based on AlCl3 were extensively 

studied for electrodeposition due to their high conductivity, wide potential windows and 

excellent solvation power for many metal salts. Metals such as, Al, Fe, Co, Cu, Pd, Ag, Au, 

Sn, Te, Cr and Zn can be deposited from them [25]. However, one disadvantage of such 

liquids often is their sensitivity to air and water, therefore experiments must be carried out 

under inert gas conditions or at least under dry air. For this reason, air and water stable ionic 

liquids were explored for electrodeposition. The research group of Sun in Taiwan developed 

chlorozincate ionic liquids for the electrodeposition of metals, like Al, Zn, Cu, Ni, Sn and 

alloys such as Cu-Zn, Zn-Sn, Co-Ni [29-35]. The research group of Abbott (Leicester 

University) studied the deposition of metal and alloys from deep eutectic solvents based on 

the mixture of choline chloride with urea, or with ethylene glycol, glycerol and propylene 

glycol [27, 36-40]. Compared to real ionic liquids, this kind of solvents is much cheaper and 

easier to prepare. The research group of Endres focused on air and water stable ionic liquid 

for metals deposition such as Zn, Sn, Cu, Li, Nb and Fe, semiconductors such as Si, Ge, 

SixGe1-x, Ga and In, polymers such as PEDOT and PPP [41-45]. Although there have been 

many publications in this area, much efforts are still needed to fully understand the 

relationship between the metal speciation, the electrodeposition mechanism and the deposit 

morphology. 
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1.4 Electrodeposition of zinc from ionic liquids 

1.4.1 Pure ionic liquids 

    The electrochemical deposition of zinc and its alloys is of great practical importance and 

widely used in the field of corrosion-resistant coatings and energy storage devices, like Zn 

batteries, e.g. Traditionally, zinc plating is performed in cyanide baths, in alkaline cyanide 

free baths and in acid zinc chloride baths. Such electrolytes are toxic, quite corrosive and can 

possibly have a negative impact on the environment. Therefore it is of interest to find 

alternative electrolytes for zinc deposition. 

The electrodeposition of Zn and its alloys from ionic liquids has attracted attention in the 

recent years. In water, the electrodeposition of zinc and its alloys is usually accompanied by 

hydrogen evolution and often low current efficiencies result. Problems associated with 

hydrogen evolution can in principle be avoided by employing ionic liquids as they can be 

made water free. For example, high quality deposits of metals like Au, Pt and Pd and their 

alloys can be made in ionic liquids without evolution of hydrogen [27].  

The electrodeposition of Zn was studied in a range of ionic liquids, particularly from AlCl3-

based ionic liquids [46] and air and water stable chloro-zincate ionic liquids [47, 48]. The 

reducible zinc species in the chlorozincate ionic liquids were found to be coordinately 

unsaturated species like ZnCl5
3−, Zn2Cl7

3− and (ZnCl2)n [49]. As they are easier to prepare and 

to handle than the corresponding chloroaluminates, the chlorozincates were studied in more 

detail in the recent decades. Sun et al. published a series of papers dealing with Zn and Zn 

alloy deposition from chloro-zincate ionic liquids [32, 33]. In addition, Abbott et al. [38, 50, 

51] studied the electrodeposition of Zn from deep eutectic solvents composed of ZnCl2 and 

choline chloride. Recently, the deposition of zinc from air and water stable ionic liquids, 1-

ethyl-3-methylimidazolium and N-butyl-N-methylpyrrolidinium dicyanamides [52-54], 1-

butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide [55, 56], and 1-butyl-3-

methylimidazolium trifluoromethylsulfonate [57] has been reported. In this thesis, the focus is 

set on the fundamental aspects of zinc deposition from two kinds of ionic liquids, namely 1-

butyl-1-methylpyrrolidinium trifluoromethylsulfonate ([Py1,4]TfO) and 1-ethyl-3-

methylimidazolium trifluoromethylsulfonate ([EMIm]TfO). 

1.4.2 Ionic liquid+water mixtures 

An advantage of adding water to an ionic liquid is a decrease in viscosity and a subsequent 

increase in conductivity. Ionic liquid+water mixtures can be considered as potential 
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electrolytes for rechargeable Zn-air batteries. However, an increase in water content can also 

result in a reduction in the electrochemical window of the ionic liquid. Understanding of the 

influence of water addition on the physical and electrochemical properties of ionic liquids is 

critical to the development of suitable electrolyte systems. Simons et al. [58] investigated the 

electrodeposition and dissolution of Zn2+ from 1-ethyl-3-methylimidazolium dicyanamide 

([EMIm]DCA). The concentration of water was found to be a critical parameter for obtaining 

a uniform, dendrite-free morphology. The physical and transport properties of the ionic liquid 

1-butyl-1-methylpyrrolidinium dicyanamide containing Zn2+ and H2O were also investigated 

[59]. Mu et al. reported an influence of water on the Zn/Zn(II) redox behavior in 1-butly-1-

methyl-pyrrolidinium bis(trifluoromethylsulfonyl)imide ionic liquids [60]. Improved Zn/Zn(II) 

reversibility and enhanced kinetic properties of Zn/Zn(II) redox behavior were observed in the 

presence of 2.0 wt% of water. The mixtures of ionic liquids with water are of considerable 

interest and it is possible to tune the properties of electrolytes to produce dendrite-free 

morphology and reversible Zn/Zn(II) redox behavior for application in rechargeable zinc 

based batteries. 

1.4.3 The influence of additives on zinc deposition 

In order to improve the deposit morphology and physical performance, the additives are 

often present in the electrodeposition baths. Depending on the nature of the additives they can 

affect the electrodeposition process either by forming complexes with the metal ions or by 

adsorption on the electrode surface. The influence of a variety of additives on the 

electrodeposition of metals in ionic liquids is a new area of interest and much more attention 

should be paid. The effect of additives on the electrodeposition of cobalt [61], nickel [62], 

silver [63] and lithium [64] from ionic liquids and of tin [65] and zinc [66, 67] from deep 

eutectic solvents was reported. 

Zinc is a relatively cheap and abundant material and can be used as anode material in 

batteries. Rechargeable zinc-air batteries are considered as promising candidates as energy 

storage devices due to their relatively high energy density of up to ~500 Wh/kg. The most 

severe obstacle against the development of electrically rechargeable zinc based batteries is the 

formation of dendritic structures during charging, which is followed by poor cycling 

properties or even short cut. Considerable attention has been devoted to develop effective 

additives in aqueous electrodeposition baths for controlling the various qualities of 

electroplated Zn coatings [68-75]. The additives play a prominent role in producing bright and 

leveled deposits with an improved quality. However, still little is known about additives in 
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ionic liquid electrolytes and the additives may play a different role in ionic liquids compared 

with aqueous systems. There are only two studies on the electrodeposition of zinc from deep 

eutectic solvents in the presence of additives. Abbott et al. [66] reported that the additives 

ethylene diamine and ammonia affected the zinc nucleation mechanism and the deposit 

morphology by altering the double layer structure. Pereira et al. [67] reported the effect of the 

tartrate ion on the electrodeposition of zinc from a choline chloride-ethylene glycol deep 

eutectic solvent. In their studies, it was shown that the grain size and morphology of the 

deposits, and the electrochemical behavior could be altered by addition of suitable additives to 

the IL based plating baths.  

1.5 Ionic liquids as electrolyte for batteries 

1.5.1 Rechargeable lithium-ion battery 

    Lithium-ion batteries are nowadays widely used in consumer electronics, such as cellphone, 

laptops and cameras. In 1991, Sony released the first commercial lithium-ion battery 

using lithium cobalt oxide (LiCoO2) as the positive electrode and graphite as the negative 

electrode (Fig. 1.5.1). 

 

 

Fig. 1.5.1 Rechargeable lithium-ion battery using lithium cobalt oxide (LiCoO2) as the 

positive electrode and graphite as negative electrode. (Source: Nova Battery Systems) 

 

    In 1996, Goodenough et al. proposed lithium iron phosphate (LiFePO4) and other 

phosphor-olivines as positive electrode materials to improve the capacity and performance 

[76]. Recently, a silicon composites anode is used in batteries and they have a 20% higher 

capacity than previously available batteries [77]. The electrolytes used in these batteries are 

http://en.wikipedia.org/wiki/Olivine


 
 

8 
 

based on organic solvent, such as ethylene carbonate, dimethyl carbonate and diethyl 

carbonate. One concern about batteries is the safety as they have a potentially hazardous 

flammable electrolyte. The application of ionic liquids as electrolytes in batteries is a 

relatively new area of study that is steadily gaining attraction in the electrochemical and 

engineering communities. Ionic liquid electrolytes are relatively safe, since they can be 

nonvolatile and nonflammable. Furthermore, the thickness of the battery can be apparently 

reduced by employing ionic liquids as electrolytes as indicated in Fig. 1.5.2 [78-81]. 

 

 

 

Fig. 1.5.2 Thickness of the rechargeable lithium-ion battery by using different anode 

materials and electrolytes. (Source: Solid Energy) 

 

1.5.2 Rechargeable zinc-air battery 

1.5.2.1 Ionic liquid electrolytes 

Zinc-air batteries, for example, can have an energy density of ~0.5 kWh kg−1 which is three 

times more than the one of current lithium polymer batteries. Rechargeable zinc based 

batteries are important for electrochemical energy storage, as zinc is a cheap and well 

available material.  

Zinc-air batteries use oxygen from the atmosphere as cathode reactant. Metallic zinc is 

oxidized on the anode. Zinc-air batteries have a higher energy density than other types, due to 

the fact that the cathodic reactant is not packaged in. 

The chemical equations for an alkaline zinc-air battery are:  

Anode: Zn + 4OH– → Zn(OH)4
2– + 2e– 

                Zn(OH)4
2– → ZnO + H2O + 2OH– 

Cathode: 1/2 O2 + H2O + 2e– → 2OH– 

                                               Overall: 2Zn + O2 → 2ZnO 
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    As zinc-air batteries are open to the atmosphere, one disadvantage is the evaporation of  

water from the aqueous alkaline electrolytes and the absorption of CO2 from the atmosphere. 

That is the main reason why much attention has been focused on using ionic liquids as 

electrolytes in rechargeable zinc-air batteries. In a recent perspective paper, it is demonstrated 

that ionic liquid electrolytes can support redox processes of metals at the anode and the 

oxygen reduction and evolution processes at the cathode [82]. 

1.5.2.2 Ionic liquid polymer gel electrolytes 

    Polymer electrolytes could offer some distinct advantages over liquid electrolytes, such as 

improved safety, reduced leakage, simplified assembling process, and flexible design [83]. 

Polymer gel electrolytes containing Zn2+ ions with improved ionic conductivity based on 

poly(vinylidenefluoride) (PVdF), poly(acrylonitrile) (PAN), and poly(ethylene 

glycol)diacrylate (PEGDMA), dissolved in suitable organic solvents such as propylene 

carbonate (PC), ethylene carbonate (EC), and dimethylsulfoxide (DMSO) have been reported 

[84-87]. However, these organic solvents are unsuitable for open systems such as zinc-air 

batteries, as they are volatile and flammable.  

Ionic liquids can be used in polymer electrolytes as substitutes for volatile organic solvents. 

Furthermore, polymers containing charged species have often a high ionic conductivity and 

can be expected to serve as electrolytes in zinc-based or lithium-ion batteries. It was reported 

that ionic liquid polymer gel electrolytes show excellent thermal stability, wide 

electrochemical windows, high mechanical stability, and high ionic conductivity at room 

temperature [88-91]. The polymer network provides mechanical integrity to such systems, 

while the incorporated IL in the polymer matrix improves the ionic conductivity. A 

conductivity in the range of 10−4–10−3 S cm−1 was achieved, as reported in literature [50, 92, 

93].  

 

 

Fig. 1.5.3 Ionic liquids polymer gel electrolytes for rechargeable zinc-air battery.  
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The types of cations and anions in the ILs, the kind of the polymer, and the amounts of IL in 

the polymer must affect the conductivity and mechanical properties of such polymer 

electrolytes. Fig. 1.5.3 shows the schematic view of a zinc-air battery using an ionic liquid 

polymer gel as electrolyte. 

1.5.2.3 Zinc-air battery technology  

Rechargeable zinc-air batteries mainly consist of a zinc electrode, an electrolyte, a 

separator and an air electrode [94]. A zinc electrode with a porous structure or nanostructured 

zinc material such as zinc nanowires could provide a large surface area, thus largely 

improving discharge capacity. Furthermore, the morphology of the zinc electrode must 

maintain stable over thousand charge/discharge cycles. It has been shown in literature as was 

mentioned above that dendrite-free zinc can be obtained in ionic liquid electrolytes. Moreover, 

adding additives to the ionic liquid electrolytes can also improve the morphology of the zinc 

deposit.  

The air electrode is mainly composed of a catalytic layer and a current collector. In bi-

electrodes systems, as shown in Fig. 1.5.4, the air electrode has to perform both the oxygen 

reduction reaction (ORR) and the oxygen evolution reaction (OER) efficiently. The catalysts 

such as Co3O4 [95], La0.6Ca0.4CoO3 [96] and La0.6Ca0.4MnO3 [97] can be used for ORR and 

OER. Bi-electrodes are easy to prepare and the structure is compact, however it has a limited 

cycle life as the ORR and OER are using the same electrode.  

 

 

 

Fig. 1.5.4 Rechargeable zinc-air battery based on bi-electrodes.(Source: International Zinc 

Association) 
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For that reason, triple electrodes were used for rechargeable zinc-air batteries (Fig. 1.5.5), 

where charging uses a third electrode located on the other side of zinc electrode. Therefore, 

the batteries have a longer life and an improved cycle life. The catalysts such as Pt, MnO2 

have been investigated for ORR. These catalysts also show high catalytic activity in ionic 

liquid electrolytes [82]. 

 

 

 
Fig. 1.5.5 Schematic view of zinc-air battery based on tri-electrodes.  

 

Redox flow batteries have some advantages over solid state batteries. In redox flow 

batteries the electrolytes can be pumped into and out of a reservoir tank. After discharging, 

the electrolytes are pumped out of the cell and new electrolytes are pumped in for charging.  

 

 

 

Fig. 1.5.6 Schematic view of redox flow rechargeable zinc-air battery. (Source: Batteries and 

the Green Energy Revolution) 
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The electrolytes can be easily regenerated outside of the cell. Such a system prevents zinc 

passivation and reduces dendrite formation. Depending on the volume of the tank, flow 

batteries can have a wide power range and higher capacity ratings. Fig. 1.5.6 depicts the 

schematic view of a redox flow battery system. 

1.6 The scope of this thesis 

    The development of rechargeable zinc-air batteries is mainly limited by the dendritic zinc 

growth during charging and CO2 absorption in aqueous KOH solutions. As a first step, the 

electrodeposition of zinc from ionic liquid electrolytes was investigated. 

The goal of this work is to get a fundamental knowledge of zinc electrochemical 

performance in ionic liquid electrolytes. As displayed in Fig. 1.6.1, the interaction between 

the species and their interaction with the substrate are rather complex and each of the 

interactions can limit the deposition process. The interaction between cation and anion, ionic 

liquid mixtures with water and the solvation of zinc ions were studied by FTIR and Raman 

spectroscopy. The electrodeposition of zinc in pure ionic liquid, ionic liquid+water mixtures 

and ionic liquid/additive was studied by CV, SEM, XRD and in-situ STM. Furthermore, 

dendrite free zinc film, zinc nanowires and macroporous materials were prepared. 

 

 

 

Fig. 1.6.1 Scheme shows the interaction between the species and their interaction with 

substrate in the electrochemical system. 
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2 Experimental 

2.1 Chemicals 

    Zn(TfO)2 powder (IO-LI-TEC, Germany, 99%) was used as a zinc source. The ionic liquids, 

1-ethyl-3-methylimidazolium trifluoromethylsulfonate ([EMIm]TfO), 1-butyl-1- 

methylpyrrolidinium trifluoromethylsulfonate ([Py1,4]TfO) and 1-ethyl-3-methylimidazolium 

dicyanamide ([EMIm]DCA), were also purchased from IO-LI-TEC, Germany (Fig. 2.1.1). 

The ionic liquids were dried under vacuum at 120 °C to water contents of below 3 ppm and 

stored in closed bottles in an argon filled glove box (OMNI-LAB from vacuum atmospheres) 

before use (prepared by Barbara Holly). The additive, 1,2-dimethyl-3-(trifluoromethyl)-1H-

pyrazol-2-ium trifluoromethylsulfonate (98%) was obtained from SOLVAY FLUOR, 

Germany (Fig. 2.1.1). 

 

 

 

Fig. 2.1.1 Chemical structure of the ionic liquids and the additive. 

 

2.2 Electrodeposition of zinc films 

    The electrochemical cell made of poly(tetrafluoroethylene) (Teflon) was clamped over a 

Teflon covered Viton O-ring, thus yielding a geometric surface area of 0.3 cm2. A 25 mL 

glass beaker was employed as an electrochemical cell for the experiments at elevated 

temperature. The cell was kept closed by a Teflon cap during high temperature experiments in 

water containing ionic liquids to avoid the loss of water content via evaporation. Gold 

substrates (gold on glass from Arrandee Inc., Germany) were used as working electrodes. 

Prior to use the gold substrates were refluxed with isopropanol and heated in a hydrogen 

flame to red glow for a few minutes to remove possible contaminations. A platinum wire 
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(Alfa, UAS, 99,99%) was used as counter electrode. A zinc wire (Alfa, USA, 99,99%) or a 

platinum wire was used as reference and quasi reference electrode, respectively. The 

reference and counter electrodes were directly immersed in the solutions without using a 

separate compartment. 

2.3 Polystyrene sphere templates for macroporous zinc 

  The polystyrene sphere template was prepared by dipping a gold substrate (200–300 nm 

thick gold films on chromium covered borosilicate glass, Arrandee, Germany) into the 

polystyrene suspension (10 vol% PS with a diameter of 600 nm dispersed in ethanol) for a 

few seconds at 40 °C and pulled out. After drying, the PS-covered substrate was heated at 

100 °C for 2 h, which lead to a better cohesion of the spheres (prepared by Alexandra 

Prowald). The electrochemical cell made of Teflon was clamped over a Teflon covered Viton 

o-ring, thus yielding a geometric surface area of 0.3 cm2. After deposition, the PS template 

was chemically removed by tetrahydrofuran. Subsequently, the samples were rinsed with 

isopropanol to ensure removal of the ionic liquid and then dried under vacuum (Fig. 2.3.1). 

 

 

Fig. 2.3.1 Schematic preparation of the polystyrene sphere template for zinc macroporous 

structure. 
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2.4 Track-etched polycarbonate (PC) membrane template for zinc 

nanowires 

   Track-etched polycarbonate (PC) membranes with a nominal thickness of 21 µm, an 

average pore diameter of 90 nm and pore densities of 109 cm–2 (Ion Track Technology for 

Innovative Products, IT4IP, Belgium) were used as templates (Fig. 2.4.1). A thin layer of Au 

or of Cu (~100 nm thick) was sputtered on the reverse side of the templates serving as the 

working electrode. A platinum wire (Alfa, 99.99%) and a zinc wire (Alfa, 99.99%) were used 

as a counter and quasi reference electrode, respectively, for zinc deposition. The reference and 

counter electrodes were directly immersed in the solutions without using a separate 

compartment. A thick supporting zinc or copper layer is deposited on the sputtered side of the 

membranes. Copper wires were used both as counter and reference electrodes for copper 

deposition. A 10 mL glass beaker was employed as an electrochemical cell for the supporting 

layer deposition. 

 

 

 

Fig. 2.4.1 Track-etched polycarbonate (PC) membranes as template for zinc nanowires. 

 

2.5 Polymer gel electrolytes 

    Poly(vinylidenefluoride-hexafluoropropylene) (PVdF-HFP) was purchased from Sigma-

Aldrich and used as received. The polymer gel electrolyte was prepared by mixing the 

polymer with the ionic liquid. The ionic liquid electrolyte was prepared by dissolving 0.2 M 

Zn(TfO)2 in [Py1,4]TfO. The polymer PVdF-HFP was dissolved in acetone with the polymer 
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weight of 7.5 wt%. Subsequently, the ionic liquid electrolyte was mixed with the PVdF-

HFP/acetone solution and stirred magnetically for 4-5 h. The weight ratio of the ionic liquid 

electrolyte to PVdF-HFP was at 7:3. Thereafter, the solution was poured into a small 

evaporation pan and dried at 60 °C for 4 h to allow acetone to evaporate. The resulting gel 

film was then dried in vacuum overnight to remove the acetone completely. Finally, a 

transparent polymer gel electrolyte film with a thickness of about 300–400 μm, as shown in 

Fig. 2.5.1 (b), was obtained and used in the following experiments. The ionic conductivity of 

the polymer gel electrolyte was determined by ac impedance spectroscopy in the frequency 

range from 500 kHz to 0.1 Hz with an amplitude of 10 mV. The conductivity cell was set up 

by sandwiching the polymer gel electrolyte membrane (1 cm × 1 cm) between two copper 

sheets. The real part of the impedance Z', at Z'' = 0, was used to calculate ionic conductivity of 

the ionic liquid polymer gel electrolyte according to σ = h/AZ', where h and A are thickness 

and area of the electrolyte between the two electrodes, respectively. The experiment was 

performed in an inert gas glove box. 

 

 

Fig. 2.5.1 (a) Schematic preparation of IL polymer gel electrolyte, (b) photograph of gel 

polymer electrolyte and (c) SEM images of the gel polymer electrolyte. 

 

2.6 Characterization 

    The electrochemical measurements were carried out using a PARSTAT 2263 

potentiostat/galvanostat controlled by PowerCV and PowerStep software. High resolution 

SEM with EDX (Carl Zeiss DSM 982 Gemini) was used to characterize the surface 

morphology and the composition of the deposited films (made by Silvia Löffelholz). X-ray 
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diffraction patterns were recorded using a Siemens D-5000 diffractometer with Co Kα 

radiation or a Panalytical Empyrean diffractometer with Cu Kα radiation. Contact angle 

measurements were taken using a Krüss DSA100S system for sessile droplet analysis (Krüss 

GmbH, Hamburg, Germany). The contact angle is measured immediately after applying the 

droplet, in order to reduce the effect of moisture absorption or water evaporation. Each 

contact angle measurement was repeated at least three times.  

    The IR measurements were performed using a Bruker VERTEX 70 FTIR spectrometer 

(measured by Karin Bode). The instrument is equipped with an extension for measurements in 

the far infrared region. This equipment consists of a multilayer mylar beam splitter, a room 

temperature DLATGS detector with preamplifier and polyethylene (PE) windows for the 

internal optical path. The accessible spectral regime for this configuration is between 30 and 

680 cm−1.  

    The Raman measurements were carried out with a Raman module FRA 106 (Nd:YAG laser, 

1064 nm) attached to a Bruker IFS 66v interferometer (measured by Karin Bode). The 

samples were sealed under an argon atmosphere in glass capillaries, and data were recorded at 

room temperature.  

    The STM experiments were performed with in-house designed STM heads and scanners 

under inert gas conditions with a Molecular Imaging PicoScan 2500 STM controller in 

feedback mode. The STM scanner and the electrochemical cell were assembled in the glove 

box; subsequently, the STM head was placed inside of an argon-filled stainless steel cylinder, 

thus ensuring inert gas conditions during the STM experiment. Then, the cylinder was 

transferred to the air conditioned laboratory with a constant temperature of 23 ± 1 °C and 

placed onto a vibration-damped table from IDE, Germany. To reduce thermal drift and 

hysteresis of the piezo to a minimum, the retracted STM scanner was kept scanning overnight. 

STM tips were prepared by electrochemical etching of 0.25 mm 90:10 % Pt/Ir wires in 4 M 

NaCN solution followed by coating with an electropaint from BASF (ZQ 84-3225 0201). 

During the STM experiments, the potential of the working electrode was controlled by the 

PicoStat from Molecular Imaging. In all experiments, the STM images were obtained by 

scanning from the bottom to the top with a scan rate of 2 Hz and a resolution of 512 pixels per 

line. The potential was held constant for each image and changed at the bottom of each new 

image in 0.1 V steps. Correspondingly, the tip bias was changed by 0.1 V steps to keep its 

electrode potential constant. 
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3 Results and discussion 

3.1 Electrodeposition of zinc films from ionic liquids and ionic liquid+water 

mixtures  

3.1.1 Electrodeposition from pure ionic liquids  

The cyclic voltammograms of 0.2 M Zn(TfO)2 in [EMIm]TfO and in [Py1,4]TfO recorded 

on gold at different temperatures are presented in Figs. 3.1.1 and 3.1.2. The electrode 

potential was ramped down in both cases from the open circuit potential (OCP) to −2 V in the 

forward scan and then up to +2 V in the reverse scan with a scan rate of 10 mV/s. At room 

temperature, the cathodic wave observed at about −0.8 V (c1) in Fig. 3.1.1 is ascribed to the 

bulk reduction of Zn2+ to the metal. The cathodic wave at about −1.5 V (c2) corresponds to 

the reduction of the imidazolium cation. The electrodeposition of zinc at room temperature 

requires a considerable overpotential of about 700 mV to drive the nucleation process. With 

increasing temperature the overpotential is decreased and is less than 100 mV at 125 °C. On 

the reverse scan, the deposited zinc is anodically stripped, indicated by two anodic peaks. The 

first peak (a1) is due to the stripping of Zn, whereas the second peak (a2), becoming more 

obvious at higher temperature, is associated with the dissolution of Zn-Au alloys. The 

formation of Zn-Au alloy was also confirmed by XRD studies.  

 

 

Fig. 3.1.1 CVs of 0.2 M Zn(TfO)2 in [EMIm]TfO on gold at different temperatures. Scan rate: 

10 mV/s.  

 

As expected, the peak currents of both deposition and stripping significantly rise with 

increasing temperature. This is mainly the result of decreasing viscosity with increasing 
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temperature. A comparison of Figs. 3.1.1 and 3.1.2 shows that the overall electrochemical 

behavior of both liquids is similar, but not identical. With [Py1,4]TfO the currents are a bit 

lower and the nucleation of Zn requires higher overpotentials. 

 

 

 

Fig. 3.1.2 CVs of 0.2 M Zn(TfO)2 in [Py1,4]TfO on gold at different temperatures. Scan rate: 

10 mV/s. 

 

The potentiostatic electrodeposition of zinc at different temperatures was performed on 

gold substrates at the corresponding cathodic peak potentials, as shown by the CVs, for 2 h in 

[EMIm]TfO and [Py1,4]TfO containing 0.2 M Zn(TfO)2. In each case the minimum potential 

to ensure Zn growth was applied. The overpotentials are thus not identical. It should be 

mentioned here, that nucleation studies by potentiostatic polarization experiments are not 

always reproducible in ionic liquids, as most likely nucleation is influenced by IL solvation 

layers which themselves might be influenced by nucleation. As this field of surface 

electrochemistry in ionic liquids is still at its infancy it is recommended to refrain from 

overinterpreting nucleation data. Subsequently, the deposits were washed thoroughly with 

isopropanol to remove the residual ionic liquids. The electrodeposited zinc layers were then 

characterized by SEM-EDX and XRD, respectively. A silvery uniform zinc deposit with a 

good adherence to the substrate was obtained from [EMIm]TfO. In contrast, a dark gray 

deposit with poor adherence to the substrate was obtained from [Py1,4]TfO. An EDX analysis 

of the electrodeposited layers reveals in both cases that around 98% of the deposit was zinc 

together with oxidized zinc, a consequence of ex situ handling for the SEM experiments. 

Furthermore there might be some adsorbed ionic liquids.  

The morphology of the Zn deposits obtained from [EMIm]TfO and from [Py1,4]TfO at 

different temperatures is shown in Figs. 3.1.3 and 3.1.4, respectively. As shown in Fig. 3.1.3 
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(a), Zn electrodeposits obtained in [EMIm]TfO at room temperature appear to have a plate-

like morphology, with the plates perpendicular to the substrate surface. The inset of Fig. 3.1.3 

(a) gives hints that a layer-by-layer growth pattern structure seems to exist inside each grain 

where further nucleation seems to occur along an existing plate-shaped crystal. It is an open 

question to which extent such morphology might be caused by solvation layers adsorbed at 

the growing Zn surface. An influence of ionic liquid solvation layers on electrochemical 

processes is likely as discussed in [98]. Furthermore, it is likely that these solvation layers are 

dependent on temperature and I expect a reduced structure at elevated temperature. As shown 

in Fig. 3.1.3 (b)-(d) the zinc deposits obtained at higher temperatures contain coarse, 

hexagonally-shaped grains. The size of the zinc grains increases with increasing temperature.  

 

 

 

Fig. 3.1.3 SEM images of zinc deposits made from 0.2 M Zn(TfO)2 in [EMIm]TfO on gold at 

different temperatures: (a) room temperature at E = −0.82 V, (b) 50 °C at E = −0.46 V, (c) 

75 °C at E = −0.57 V, (d) 100 °C at E = −0.68 V. 

 

In Fig. 3.1.4 (a)-(d) the morphology of Zn deposits obtained in [Py1,4]TfO at room 

temperature and elevated temperatures is presented. The morphology is considerably different 

to the one obtained in [EMIm]TfO, furthermore, compared to Fig. 3.1.3, the size of the zinc 

grains in Fig. 3.1.4 is much smaller than in the case before, indicating a grain refining effect 

of [Py1,4]
+. In [99] it was reported that the interaction of [Py1,4]

+ with the Au(1 1 1) surface is 

stronger than the one of [EMIm]+ with Au(1 1 1), which can lead to a difference in the 

microstructure of the obtained deposits. The stronger adsorption of [Py1,4]
+ to the surface of 

the growing nuclei might lead to a nanocrystalline deposition. It should be repeated at this 

point that considerably strongly adsorbed solvation layers exist on electrode surfaces, and 
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they depend on the applied electrode potential. However, it is currently totally unclear how 

these solvation layers are influenced by solutes. This field will be a future topic in the 

fundamental electrochemistry of ionic liquids. Quite recent results show that even tiny amount 

of LiCl disturb these layers [100].  

 

 

 

Fig. 3.1.4 SEM images of zinc deposits made from 0.2 M Zn(TfO)2 in [Py1,4]TfO on gold at 

different temperature: (a) room temperature at E = −1.0, (b) 50 °C at E = −1.21 V, (c) 75 °C 

at E = −1.27 V and (d) 100 °C at E = −1.272 V. 

 

The XRD patterns of zinc deposits obtained in [EMIm]TfO and in [Py1,4]TfO at room 

temperature and at 50 °C are shown in Fig. 3.1.5. The characteristic diffraction peaks of Zn 

(JCPDS File No. 04-0831) and of AuZn3 (JCPDS File No.50-1336) have also been added in 

the pattern for comparison. All XRD pattern exhibit in common three pronounced diffraction 

peaks at 2 θ = 36.3°, 39.0° and 43.2°, which well agree with the (0 0 2), (1 0 0), and (1 0 1) 

diffractions peaks of hexagonal zinc. With increasing temperature a preferential growth of a 

particular facet can occur. For the deposit made at 50 °C, in both cases a stronger orientation 

along the (1 0 1) plane was observed. It is also shown that the zinc coating is not a mono-

phase and contains a mixture of zinc and a zinc gold alloy, namely AuZn3, with several 

distinct diffraction peaks at 2 θ = 22.5°, 25.2°, 27.6°, 41.2°, 42.8°, and 45.9°, which agree 

well with the (2 0 0), (2 1 0), (2 1 1), (3 2 0), (3 2 1) and (0 0 4) diffractions of cubic AuZn3. 

Similar results were also found by Borissov et al. [101]. These peaks become stronger at 

50 °C for [EMIm]TfO while these peaks almost disappeared for [Py1,4]TfO at 50 °C, 

compared to the deposit obtained at room temperature. There are also some tiny peaks at 2 θ = 

31.8° and 34.4°, which might be correlated to hexagonal (0 0 2) and (1 0 0) ZnO facets. The 
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peak found at 2 θ = 40.5° (marked with asterisk in the Fig. 3.1.5) can be attributed to the (1 1 

0) face of a AuZn alloy (JCPDS File No.65-5430). This peak at 2 θ = 40.5° is much stronger 

for the deposit obtained from [Py1,4]TfO. At a minimum these results reveal that a difference 

in the surface interaction of [Py1,4]
+ and [EMIm]+ with the Au(1 1 1) surface not only affects 

the morphology but also has a significant influence on the phase formation. It is surprising 

that the alloy formation is suppressed at elevated temperature, although all deposits were 

similarly thick. The average crystallite size of zinc was estimated according to Scherrer’s 

equation [102]. The full-width at half maximum (FWHM) of the zinc XRD patterns made in 

[Py1,4]TfO are wider than those from [EMIm]TfO. With increasing temperature the FWHM 

narrows, indicating a smaller crystal size of the electrodeposited zinc film at lower 

temperature. The average size of the deposit obtained from [Py1,4]TfO was found to be ∼16 

nm at room temperature and ∼48 nm at 50 °C, and these results are consistent with the SEM 

result as shown in the inset of Fig. 3.1.4 (b). In all cases, the deposits obtained from 

[EMIm]TfO were microcrystalline. These results support again the assumption that 

pyrrolidinium ions rather lead to nanocrystalline deposits, whereas imidazolium ions rather 

lead to microcrystalline deposits. 

 

 

 

 

Fig. 3.1.5 XRD patterns of zinc layers on gold deposited from [EMIm]TfO and [Py1,4]TfO at 

room temperature and at 50 °C, respectively. 
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3.1.2 Electrodeposition from ionic liquid+water mixtures  

The advantage of adding water to the ionic liquid is a decrease in viscosity and a 

subsequent increase in conductivity. Furthermore, zinc ions can be solvated by water to form 

[Zn(H2O)6]
2+ rather than being complexed with [TfO]− [103]. Compared to the Zn(TfO)2 

molecule, the smaller size of [Zn(H2O)6]
2+ ion facilitates diffusion. However, an increase in 

water content also results in a reduction in the electrochemical window of the ionic liquid. 

This is demonstrated in Figs. 3.1.6 and 3.1.7, where the electrochemical window is decreased 

when the water content in the ionic liquids is increased.  

 

 

 

Fig. 3.1.6 CVs of 0.2 M Zn(TfO)2 in [EMIm]TfO on gold with different water contents. Scan 

rate: 10 mV/s, room temperature. 

 

 

 

Fig. 3.1.7 CVs of 0.2 M Zn(TfO)2 in [Py1,4]TfO on gold with different water contents. Scan 

rate: 10 mV/s, room temperature. 
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Similar results were also observed by Compton et al. It was reported that the 

electrochemical window decreases in the following order: vacuum-dried > atmospheric > wet 

at 298 K > 318 K > 338 K [104]. Furthermore, the CVs shown in Figs. 3.1.6 and 3.1.7 reveal 

higher current densities for zinc deposition/dissolution with increasing water content. As in 

the case of the pure ionic liquids the CVs look similar, but the currents for [Py1,4]TfO are 

almost ×10 lower than those of [EMIm]TfO. Obviously, water has a different effect on both 

liquids where only the cation is different.  

 

 

 

Fig. 3.1.8 SEM images of zinc deposits made from 0.2 M Zn(TfO)2 in [EMIm]TfO on gold 

with different water contents: (a) 5% (v/v) water at E = −0.42 V, (b) 10% (v/v) water at E = 

−0.33 V, (c) 20% (v/v) water at E = −0.27 V and (d) 50% (v/v) water at E = −0.26 V. 

 

The effect of water on the morphology of the Zn deposits was investigated and the results 

are shown in Figs. 3.1.8 and 3.1.9. The Zn deposit formed in [EMIm]TfO has a granular 

morphology with similar grain sizes. With increasing water concentration up to 50% (v/v) 

water, the morphology of the deposits is significantly altered (Fig. 3.1.8 (d)). A higher 

magnification shows that each grain comprises hundreds of small platelets. The addition of 

water decreases the solution viscosity and accordingly increases the mass transfer rate of the 

zinc(II) species as well as the growth rate of the electrodeposits. For the current density of Zn 

deposition/stripping 50% of water have the same effect as a temperature of 125 °C in the dry 

ionic liquid. A significantly different Zn morphology has been observed for zinc made in 

[Py1,4]TfO. As shown in Fig. 3.1.9, a series of discrete thin platelets, perpendicular to the 

electrode surface, is obtained. The addition of water affects the morphology in terms of grain 

size and preferential grain orientation, as revealed by XRD results. The influence of 
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temperature on the electrochemical behavior of mixtures of 0.2 M Zn(TfO)2 in ionic liquids 

with 10% (v/v) water was also investigated. 

 

 

Fig. 3.1.9 SEM images of zinc deposits obtained from 0.2 M Zn(TfO)2 in [Py1,4]TfO on gold 

with different water contents: (a) 5% (v/v) water at E = −0.51 V, (b) 10% (v/v) water at E = 

−0.38 V, (c) 20% (v/v) water at E = −0.45 V and (d) 50% (v/v) water at E = −0.34 V. 

 

    As will be shown below this water content leads to a minimum contact angle, lower even 

than the one of the pure ionic liquid. Therefore it was decided to do temperature dependent 

deposition experiments with this water content. The respective CVs are shown in Figs. 3.1.10 

and 3.1.11.  

 

 

Fig. 3.1.10 CVs of 0.2 M Zn(TfO)2 in [EMIm]TfO with 10% (v/v) water on gold at different 

temperatures. Scan rate: 10 mV/s. 

 

The electrochemical window of the mixtures is slightly decreased as the temperature is 

increased. The voltammograms in both liquids look similar, but not identical. A detailed 

analysis of the CVs was not within the scope of the paper. The minimum information is that 

the nucleation must be different and that the currents in [Py1,4]TfO+10% H2O are at 100 °C 
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only 2/3 of the ones in [EMIm]TfO+10% H2O. The surface morphologies of the zinc deposits 

produced from mixtures of 0.2 M Zn(TfO)2/ionic liquids with 10% (v/v) water at different 

temperatures are shown in Figs. 3.1.12 and 3.1.13. The zinc grains obtained at higher 

temperatures are larger than those ones obtained at lower temperatures. This change in 

morphology could be due to differences in mass transport, IL+water structure, speciation, 

hydrogen evolution or double layer structure in the two liquids. At higher temperatures, the 

deposits became less uniform in the case of [Py1,4]TfO (Fig. 3.1.13 (d)). This can be ascribed 

to the increased nucleation rate and growth at high temperatures.  

 

 

 

Fig. 3.1.11 CVs of 0.2 M Zn(TfO)2 in [Py1,4]TfO with 10% (v/v) water on gold at different 

temperatures. Scan rate: 10 mV/s. 

 

 

 
 

 

Fig. 3.1.12 SEM images of zinc deposits obtained from 0.2 M Zn(TfO)2 in [EMIm]TfO with 

10% (v/v) water on gold at different temperatures, (a) room temperature at E = −0.35 V, (b) 

50 °C at E = −0.3 V, (c) 75 °C at E = −0.25 V and (d) 100 °C at E = −0.24 V. 
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Fig. 3.1.13 SEM images of zinc deposits obtained from 0.2 M Zn(TfO)2 in [Py1,4]TfO with 10% 

(v/v) water on gold at different temperature, (a) room temperature at E = −0.41 V, (b) 50 °C 

at E = −0.33 V, (c) 75 °C at E = −0.4 V and (d) 100 °C at E = −0.35 V. 

 

Unlike in pure ionic liquids, the XRD results indicate the formation of pure zinc without 

any hint for the formation of zinc-gold alloys (Fig. 3.1.14). Obviously water changes the 

interaction of the ions with the electrode surface. In order to get more insight into the 

interfacial processes contact angle measurements were performed. 

 

 

 

Fig. 3.1.14 XRD patterns of zinc layers on gold deposited from [EMIm]TfO+10% (v/v) water 

and [Py1,4]TfO+10% (v/v) water at room temperature and 50 °C, respectively. 
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The contact angle at the solid-liquid interface is of great importance as it can be used to 

determine the interfacial surface energy, the wettability and the electrochemical properties of 

the interfaces [105]. Therefore, contact angle experiments of 0.2 M Zn(TfO)2 in both ionic 

liquids with varying water content on gold were performed and the results are shown in Figs. 

3.1.15 and 3.1.16. Because of device limitations I had to restrict here to a maximum 

temperature of 50 °C. The contact angles of pure ionic liquids and water on gold were also 

determined for comparison. The contact angles of [EMIm]TfO and of [Py1, 4]TfO on gold are 

about 30° and 36°, respectively, at room temperature. In the presence of 0.2 M Zn(TfO)2, the 

contact angles are slightly increased at room temperature. Surprisingly, the addition of water, 

even up to 50 v/v %, does not significantly change the contact angle of the ionic 

liquids+water mixtures. This is a bit surprising as water has a contact angle of 69° at room 

temperature, which is much larger than in the case of the ionic liquids. Though, the contact 

angle does not considerably increase with increasing water concentration. The results show a 

more subdued change of the contact angle with increasing of water content. The contact 

angles are decreased in both ionic liquids and in the mixtures of ionic liquid+water containing 

0.2 M Zn(TfO)2 with increasing temperature, indicating a better wettability of the surface at 

higher temperature. An increase in temperature could decrease interactions between cations 

and anions of ionic liquids, and between these and water. At this point an open question has to 

be left and the influence of water on ionic liquid electrochemistry might deserve more 

attention.  

 

 

 

Fig. 3.1.15 Contact angles of [EMIm]TfO (A), 0.2 M Zn(TfO)2 in [EMIm]TfO (B) together 

with different percent of water (5% (v/v) (C), 10% (v/v) (D), 20% (v/v) (E), 50% (v/v) (F)) and 

water (G) on gold at room temperature (inset pictures) and at 50 °C. 
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Fig. 3.1.16 Contact angles of [Py1,4]TfO (A), 0.2 M Zn(TfO)2 in [Py1,4]TfO (B) together with 

different percent of water (5% (v/v) (C), 10% (v/v) (D), 20% (v/v) (E), 50% (v/v) (F)) and 

water (G) on gold at room temperature and at 50 °C (inset pictures). 

 

3.1.3. Conclusions  

The results show that zinc films with different morphologies can be successfully deposited 

from air and water stable ionic liquids, namely 1-butyl-1-methylpyrrolidinium triflu-

oromethylsulfonate ([Py1,4]TfO), and 1-ethyl-3-methylimidazolium trifluoromethylsulfonate 

([EMIm]TfO), as well as from mixtures of these ionic liquids with water. The cyclic 

voltammograms measured on gold exhibit a typical redox couple associated with 

deposition/stripping of zinc in the employed electrolyte. A silvery zinc deposit with good 

adherence was obtained from [EMIm]TfO, while dark gray zinc deposits with poor adherence 

were obtained from [Py1,4]TfO. Both temperature and water have a significant effect on the 

morphology of the deposits and on the electrochemical window of both ionic liquids. In the 

presence of water pure Zn was formed, whereas, in the pure ionic liquids, both Zn and Zn-Au 

alloys were observed. Furthermore, the temperature significantly influences the deposits in 

terms of grain size and preferred grain orientation, and pyrrolidinium ions rather lead to 

nanocrystalline deposits in the water free liquids. 
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3.2 Template-assisted electrodeposition of highly ordered macroporous zinc 

structures from an ionic liquid  

3.2.1 Cyclic voltammogram 

The PS spheres have been self-assembled into three dimensional close-packed arrays on the 

gold surface. The structure is well ordered all over the surface without significant disordered 

regions as shown in a previous work [106]. Fig. 3.2.1 a) shows the cyclic voltammogram of 

0.2 M Zn(TfO)2/[Py1,4]TfO on a PS sphere-covered gold surface at a scan rate of 10 mV s−1 at 

room temperature. The potential was scanned in the negative direction from the open circuit 

potential to −1.5 V (vs. Zn) then back to +1.0 V in the reverse scan. The recorded redox 

process is associated with Zn deposition/stripping. A current loop was observed when the 

scan was reversed indicating a nucleation process.  

 

 

 

Fig. 3.2.1 a) Cyclic voltammogram of 0.2 M Zn(TfO)2/[Py1,4]TfO recorded on a PS-covered 

gold surface at a scan rate of 10 mV s−1 at room temperature. b) SEM images of two-

dimensional macroporous zinc films. c) Photographs of the macroporous zinc films 

illuminated with white light.  



 
 

31 
 

3.2.2 Potentiostatic electrodeposition 

Potentiostatic electrodeposition was carried out to prepare the macroporous zinc structure. 

The PS template became almost transparent after immersion in the employed ionic liquid 

electrolyte for about 20 min, indicating a complete infiltration into the voids of the PS spheres. 

When the potentiostat is switched on, the nucleation takes place instantaneously all over the 

surface, and within a few minutes, a uniform zinc film is formed. As mentioned in a previous 

paper, the deposition potential, the concentration, and the deposition time have a great effect 

on the homogeneity of the macroporous structure [106]. Therefore, the experimental 

parameters must be precisely controlled. It should be noted that the electrodeposition of 

highly ordered macroporous zinc films is a surprisingly difficult process. Alloying of zinc 

with gold makes it difficult to get an ordered macroporous structure especially at a low 

growth rate. A prolonged deposition time even up to 2 h at −400 mV did not produce a 

macroporous structure; only a thin zinc layer was found underneath the PS template. Similar 

difficulties were found in the fabrication of macroporous lithium on copper [107]. Therefore, 

one has to select appropriate deposition parameters in order to get a macroporous structure. A 

successful fabrication of macroporous zinc from 0.2 M Zn(TfO)2/[Py1,4]TfO was found to 

occur at an electrode potential of −0.45 V vs. Zn| Zn2+ for 400 s. 

3.2.3 Macroporous zinc structure 

The SEM micrographs of Fig. 3.2.1 b) show a two-dimensional macroporous zinc structure 

with interconnected pores. A higher-magnification SEM image (inset of Fig. 3.2.1 b)) reveals 

a well-ordered macroporous zinc structure with a uniform periodicity. The macroporous Zn 

film shows also some disordered areas, which might be the result of the defects in the PS 

template or due to a not fully avoidable inhomogeneous current density. The obtained inverse 

opal zinc films exhibit–qualitatively–diffractive colors when illuminated with white light. It 

appears blue, green, and orange, respectively, by varying the angle of the incident light (Fig. 

3.2.1 c)). If oxidized without damage to ZnO, such substrates are potentially interesting for 

dye-sensitized solar cells in which the photonic crystal might trap light and thus increase the 

efficiency of a solar cell.  

A prolonged electrodeposition time at the same potential (−0.45 V) or even at different 

applied potentials does not–unfortunately–lead to a three-dimensional macroporous structure. 

The PS spheres can be pushed away, or the deposit even grows randomly above the PS sphere 

template. Therefore, galvanostatic electrodeposition was applied for the fabrication of three-

dimensional macroporous zinc films which indeed lead to a homogenous deposit. Fig. 3.2.2 
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shows SEM micrographs of well-ordered three-dimensional Zn films obtained 

galvanostatically at a current density of 265 μA/cm2 for 300 s. As seen, an ordered 

multilayered macroporous structure was obtained, indicated by several layers seen in the SEM 

of Fig. 3.2.2 b). 

 

 

 

Fig. 3.2.2 SEM images of a three-dimensional macroporous zinc structure at low a) and high 

magnification b) obtained from 0.2 M Zn(TfO)2/[Py1,4]TfO. 

 

The wettability of the ionic liquid on the PS template allows a sufficient infiltrating process 

and, consequently, the electrochemical formation of ordered structures. A good wettability 

eliminates the need for a hydrophilic modification of the PS surfaces as it is mandatory for 

aqueous solutions [108]. Furthermore, it is easier and faster to obtain macroporous structures 

in ionic liquid electrolytes than in aqueous solutions. It was reported by López et al. [109] that 

the deposition time was varied between 2 and 48 h in aqueous solutions for the preparation of 

macroporous zinc films, while in ionic liquid electrolytes, it takes only several minutes. The 

wettability of the pure ionic liquid [Py1,4]TfO, of 0.2 M Zn(TfO)2/[Py1,4]TfO and of water on 

gold and on PS-covered gold was investigated by measuring the contact angle of a droplet on 

the surface. Representative photographs of the contact angles are shown in Fig. 3.2.3. The 

contact angle, θ, of a water droplet on gold and on the PS-covered gold surface was found to 

change significantly (Fig. 3.2.3 C, F). The contact angle of water on gold (θ = 66°, wetting) 

changes to θ = 110° on PS-covered gold, which means weak wetting. Both the pure ionic 

liquid and the Zn(TfO)2 containing ionic liquid better wet the PS-covered electrode than the 

gold surface alone. The obvious difference in the contact angles between water and the ionic 

liquids suggests that the infiltration of the aqueous electrolytes into the voids of the template 

is very difficult, which might lead to an inhomogeneous growth of the macroporous films and 



 
 

33 
 

to a need of more time and energy to drive the nucleation process. In contrast, ionic liquids 

easily infiltrate the interstitial channels of the PS spheres substrate. 

 

 

 

Fig. 3.2.3 Contact angles of the ionic liquid [Py1,4]TfO A, 0.2 M Zn(TfO)2/[Py1,4]TfO B, and 

water C on gold and of the ionic liquid [Py1,4]TfO D, 0.2 M Zn(TfO)2/[Py1,4]TfO E, and water 

F on PS sphere covered gold. 

 

3.2.4 Conclusions  

The electrochemical fabrication of zinc films with a two- and three-dimensional 

macroporous structure from the ionic liquid [Py1,4]TfO using polystyrene templates, 

respectively, was reported. The structure was prepared by electrodeposition of zinc into the 

interstitial voids of PS templates formed on gold. The employed ionic liquid well wets the PS-

covered gold surface. Highly ordered two- and three dimensional macroporous zinc films 

were reproducibly obtained. The fabricated films show light diffraction when illuminated by 

white light. The obtained ordered macroporous films would have a potential as anodes in 

batteries, but potentially also for dye-sensitized solar cells. 
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3.3 Electrochemical synthesis of vertically aligned zinc nanowires using 

track-etched polycarbonate membranes as templates  

3.3.1 SEM micrograph of the track-etched PC membranes 

    Fig. 3.3.1 a) shows a top view SEM micrograph of the track-etched PC membranes. The 

membranes have rather a low porosity which is usually less than 15% and the pores are 

randomly distributed in the membranes. In our experiment, the membranes have a nominal 

pore diameter of 90 nm and a pore density of 109 cm−2. Furthermore, Fig. 3.3.1 shows that 

double or triple pores are present, too. A contact angle measurement, as shown in the inset of 

Fig. 3.3.1 a), reveals that the ionic liquid well wets the membrane, which is quite important 

for the homogeneous growth of the nanowires inside of the membrane.  

 

 

 

Fig. 3.3.1 SEM images of a) the polycarbonate membrane and contact angle of 0.2 M 

Zn(TfO)2–[EMIm]TfO solutions on the membrane (inset picture), b) the back side of the 

membrane after sputtering with gold, c) back side of the sputtered gold after removing the 

membrane and d) interface of the sputtered gold and zinc nanowire. 

 

    Prior to deposition, a thin layer of Au or of Cu was sputtered on the reverse side of the 

templates to act as a supporting electrode. The thickness of the sputtered Au or Cu was 

roughly 100 nm and importantly the pores are not sealed by this process, only the diameter is 

decreased to 46 nm (Fig. 3.3.1 b) with sputtered Au). However, after dissolving of the 

membranes with dichloromethane, small Au islands or even wires can be found as shown in 

Fig. 3.3.1 c) (with sputtered Au). Similar results were also found with the sputtered copper 
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surface. These results show that to some extent the Au or Cu particles from sputtering went 

inside the pore during the sputtering process and formed small islands or wires in the pore 

walls near the pore’s surface. These small islands or even wires will serve as a special kind of 

nanoelectrodes for the growth of nanowires. The SEM image in Fig. 3.3.1 d) shows the 

interface between the gold substrate and the base of the nanowires. The nanowires shown in 

Fig 3.3.1 d) were obtained at a potential of −0.5 V versus a quasi Zn reference electrode for 2 

h. The Zn nanowires will grow on these islands or wires, therefore the connection will depend 

on the interaction between the sputtered metal layer and the deposited metal itself. An alloy 

between the supporting metal and the deposited metal will improve the mechanical stability of 

the final electrode material. Once the template is removed, the nanowires should be free-

standing. Zn well alloys with both gold and copper and it can be expected that the nanowires 

are free-standing as will be shown below. 

3.3.2 Cyclic voltammograms 

    The cyclic voltammograms of 0.2 M Zn(TfO)2 in [EMIm]TfO on a sputtered gold surface 

and inside of the PC membranes are presented in Fig. 3.3.2. In the latter case the sputtered 

side of the membrane was pressed on a gold electrode and deposition of Zn occurred through 

the membrane. The electrode potential was scanned from the open circuit potential (OCP) to 

−1 V, then up to +1 V in the reverse scan and finally back to the former OCP with a scan rate 

of 10 mV s−1. Cathodic waves are observed at about −0.5 V (c1) in both cases, corresponding 

to the reduction of Zn2+ to Zn. The anodic peaks at about +0.4 V (a1) are ascribed to the 

stripping of Zn. In both cases, a current loop was found in the deposition regime indicating a 

nucleation process. The CVs show that the deposited zinc is electrochemically active and the 

wires exist in the form of the actual reactive metal with the IL probably protecting it from 

self-corrosion. The cyclic voltammograms recorded under the same conditions but on the 

sputtered copper surface and inside of the Cu sputtered PC membranes are shown in Fig. 3.3.3. 

The CVs show the typical zinc deposition (c1) and stripping peaks (a1) as well. Compared to 

Fig. 3.3.2, the potential for Zn deposition is more negative in both cases on copper than on 

gold under the same experimental conditions. Furthermore, a current loop in the deposition 

regime was only found on the sputtered copper layers indicating a nucleation process, while 

such a loop was not found for deposition inside of the membranes. 
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Fig. 3.3.2 CVs of 0.2 M Zn(TfO)2 in [EMIm]TfO on gold and inside of the PC membrane at 

room temperature. Scan rate: 10 mV s-1. 

 

 

 

Fig. 3.3.3 CVs of 0.2 M Zn(TfO)2 in [EMIm]TfO on copper and inside of the PC membrane at 

room temperature. Scan rate: 10 mV s-1. 

 

    In both experiments the current on the sputtered side was almost 4 times higher than the 

one inside of the PC membranes. Such a ratio of currents is not in direct agreement with the 

one calculated from the porosity. Similar results were also reported for Co and Ni nanowires 

made in aqueous solutions [110]. In any case this result shows that the mass transport in the 

confined space of the nanochannels may have an effect on the growth of the nanowires. 
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3.3.3 The growth mechanism of nanowires 

The growth mechanism of nanowires in aqueous solutions is known and was studied by 

several authors [111]. In the present study, chronoamperometry measurements were 

performed to investigate the growth mechanism of Zn nanowires inside of the membranes at a 

constant deposition potential of E = −0.5 V versus a Zn quasi reference electrode on the Au-

sputtered membrane. The current vs. time curve depicted in Fig. 3.3.4 can be divided into 

three phases.  

 

 

 

Fig. 3.3.4 Cathodic current as a function of time for the potentiostatic deposition of Zn at a 

potential of –0.5 V versus Zn inside of the Au-sputtered polycarbonate membrane from 0.2 M 

Zn(TfO)2/[EMIm]TfO. 

 

    In phase 1, once the potential was applied, the nucleation occurs at the electrode- 

electrolyte interface forming a thin zinc layer at the bottom of the pores. The current increases 

first and decreases subsequently due to diffusion control. The diffusion processes are surely 

different from the conditions of a planar substrate due to the confined space inside of the 

templates. Subsequently, in phase 2, the current increases which is attributed to the 

proceeding growth in the pores towards the surface of the membranes. Growth proceeds until 

the pores are filled. Beyond this in phase 3, the deposit will now grow out of the templates by 

firstly forming hemispherical caps on top of the wires and then a more or less planar layer 

forms over the whole of the template surface. Correspondingly, the current increases first 

rapidly followed by a decrease due to the diffusion control. I refrain here from an 

overinterpretation of the chronoamperogram as also varying solvation layer effects might 

occur possibly influencing the deposition process. The potentiostatic current vs. time curve 
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recorded on a Cu-sputtered template was similar to that of the Au-sputtered template (the 

results are not shown). 

3.3.4 Supporting zinc or copper layer 

  Although the feasibility has been shown, the sputtered layer alone is not thick enough to 

allow an array of free standing nanowires. Once the template is removed in dichloromethane, 

the sputtered layer will break into pieces or enroll. Consequently, it is quite difficult to collect 

the nanowires. Therefore, a thick supporting layer is needed on the sputtered side to support 

the nanowires. For this purpose, firstly, a layer of Zn was deposited on the sputtered Au or Cu 

surface, while the other side of the membrane was insulated from the electrolyte using a 

Teflon tape. Top and cross-section views of such Zn deposits made on the Au or Cu surface 

are shown in Fig. 3.3.5. 

 

 

 

Fig. 3.3.5 Top-view SEM images of Zn deposits formed in 0.2 M Zn(TfO)2 in [EMIm]TfO at a 

potential of −0.5 V versus Zn for 2 h on sputtered gold a) and on sputtered copper c). Cross-

section of the samples is shown in b) and d) on gold and on copper, respectively. 

 

    The Zn deposits obtained on the sputtered gold surface appear to have a platelike 

morphology, with the plate rather perpendicular to the surface. This growth is comparable to 

the one on a planar gold substrate. Furthermore, the particle size of the Zn deposit on copper 

is larger than the one on gold. The thickness of zinc on gold and on copper was 18.5 µm and 

9.5 µm, respectively. In both cases a dendritic structure formed which does not make this 

layer suitable as a supporting layer, it is simply too brittle. Therefore, a thick layer of copper 
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was deposited alternatively on both sputtered Au and Cu layers from 1 M CuCl/[EMIm]DCA 

solutions. The advantage of depositing a layer of copper is that it can be directly used as a 

current collector. As shown in Fig. 3.3.6, the thickness of the Cu layer can be more than 25 

µm and the surface shows a dense structure. Thus, copper is quite a good candidate material 

as a supporting layer for zinc nanowires. It should be mentioned here that many factors can 

influence the morphology of the deposits such as concentration, current density, and 

temperature. 

 

 

 

Fig. 3.3.6 Top-view SEM images of Cu deposits formed in 1 M CuCl/[EMIm]DCA at a 

potential of −0.6 V versus Zn for 3 h on sputtered gold a) and on sputtered copper c). Cross-

section of the samples is shown on gold b) and on copper d), respectively. 

 

3.3.5 Free standing nanowires 

    Zinc nanowire arrays are of interest for applications in nanoelectronic devices; furthermore, 

vertically aligned zinc nanowire arrays on a conductive substrate are expected to have a good 

performance in batteries due to their high surface area and their good electron conductivity 

[112]. However, until now published zinc nanowires are randomly oriented, whereas in the 

present paper free-standing zinc nanowire arrays are in the focus of my interest. SEM 

micrographs of Zn nanowires obtained potentiostatically at a potential of −0.5 V for 6 h (on 

Au-sputtered) and −1.0 V for 4 h (on Cu-sputtered), respectively, are shown in Fig. 3.3.7 and 

3.3.8.  
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Fig. 3.3.7 a) Top-view SEM image of Zn nanowires obtained after dissolution of the 

polycarbonate membrane from 0.2 M Zn(TfO)2/[EMIm]TfO on sputtered gold with a copper 

supporting layer at a potential of −0.5 V versus Zn for 6 h. b) Top view of the Zn nanowires 

with higher magnification. c) SEM micrograph of the length of the nanowires and d) SEM 

micrograph of the diameter of the nanowires. 

 

    In both cases Cu was electrochemically deposited on the sputtered membranes as a support 

structure of the nanowires. Fig. 3.3.7 a) and 3.3.8 a) show a top view of the vertically aligned 

Zn nanowire arrays. The zinc wires are practically free-standing and perpendicular to the 

substrate with a high aspect ratio. But, the Zn nanowire arrays are also bunched together as 

clearly seen from Fig. 3.3.7 b) and 3.3.8 b), and this effect increases with increasing length of 

the nanowires. Higher magnification SEM micrographs given in Fig. 3.3.7 c) and 3.3.8 c) 

show that the length of the nanowires is about 19 µm in both cases. The length of the wires, as 

can be seen from Fig. 3.3.7 a) in the corner and in Fig. 3.3.8 c), is not really uniform. One 

possible reason is that the pores in the commercial membranes are not aligned perfectly 

parallel but rather have a certain angular distribution. The SEM images in Fig. 3.3.7 d) and 

3.3.8 d) show that the diameters of the zinc nanowires in the middle are almost equal to the 

ones of the templates. Only at or near the top end of the nanowires the diameter is a little 

smaller. The diameter is about 75 nm close to the top end and 94 nm in the middle as shown 

in Fig. 3.3.7 d), more or less in agreement with the nominal pore size. 
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Fig. 3.3.8 a) Top-view SEM image of Zn nanowires obtained after dissolution of the 

polycarbonate membrane from 0.2 M Zn(TfO)2/[EMIm]TfO on sputtered copper with a 

copper supporting layer at a potential of −1.0 V versus Zn for 4 h. b) Top view of the Zn 

nanowires with higher magnification. c) SEM micrograph of the length of the nanowires and 

d) SEM micrograph of the diameter of the nanowires. 

 

The length of the nanowires can be well controlled by the deposition time. Fig. 3.3.9 

displays SEM micrographs of freestanding zinc nanowires and of sandwich-like structures 

obtained at a potential of −1.0 V for 2 h and 8 h, respectively, on the copper sputtered 

membranes with an electrodeposited copper supporting layer. Vertically aligned zinc 

nanowire arrays with a length of less than 5 µm are obtained in the first case as shown in Fig. 

3.3.9 a). The bottoms of the wires are well separated from each other, while the tops are stuck 

together forming bunch-like structures. By prolonging the deposition time to 8 h (Fig. 3.3.8 b)) 

the pores are completely filled up with electrodeposited zinc and finally a thick film is grown 

over the surface of the template, consistent with the qualitative description of the 

chronoamperometry measurements. Both the short nanowires and the sandwich-like structure 

with nanowires in the middle might be of some interest in the field of supercapacitors or 

catalysis, especially as they can be fully modified in a chemical process. 
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Fig. 3.3.9 SEM images of free-standing Zn nanowires a) and a sandwich-like structure b) 

obtained from 0.2 M Zn(TfO)2/[EMIm]TfO solutions by electrodeposition at a potential of 

−1.0 V versus Zn for 2 h and 8 h, respectively, on the copper sputtered membranes with a 

copper supporting layer. 

 

3.3.6 Conclusions 

In summary, a comparably simple and effective approach to produce vertically aligned Zn 

nanowires from 1-ethyl-3-methylimidazolium trifluoromethylsulfonate/zinc triflate 

electrolytes by electrochemical deposition into ion track-etched polycarbonate membranes has 

been demonstrated. Both the cyclic voltammograms and chronoamperometry measurements 

show the complicated diffusion and transport process of the Zn2+ inside the nanochannels. A 

supporting zinc or copper layer was deposited on the sputtered side from ionic liquids in order 

to make the wires free standing. The SEM results show that the diameter of the obtained zinc 

nanowires is about 90 nm, which is the same as the nominal diameter of the pores, and wire 

lengths of up to 18 µm could be obtained by controlling the deposition time. Furthermore, 

short nanowires with lengths of less than 5 µm and sandwich-like structures with nanowires in 

the middle are also synthesized. 
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3.4 Electrodeposition of zinc-copper films and free-standing nanowire 

arrays from ionic liquids  

3.4.1. Zn, Cu, and Zn-Cu alloy films from [EMIm]TfO 

    Fig. 3.4.1 shows the cyclic voltammograms of 0.1 M Zn(TfO)2, 0.1 M Cu(TfO)2 and 0.1 M 

Zn(TfO)2+0.1 M Cu(TfO)2 in [EMIm]TfO recorded on gold, respectively. The electrode 

potential was ramped down from the open circuit potential (OCP) to –2.5 V in the forward 

scan and then up to +1.0 V in the reverse scan with a scan rate of 10 mV s–1. The CV of 0.1 M 

Zn(TfO)2 in [EMIm]TfO is shown in Fig. 3.4.1 (a). A typical deposition and stripping zinc 

peak was found at the potential about –2.0 V vs. Pt (c1) and –0.6 V vs. Pt (a1), respectively. A 

detailed study of zinc deposition from [EMIm]TfO and the morphologies of the deposits can 

be found in my previous results [113]. Fig. 3.4.1 (b) reveals the electrochemical behavior of 

0.1 M Cu(TfO)2 /[EMIm]TfO. In the cathodic range, two reduction processes (c1 and c2) are 

observed. The first cathodic step at the potential of about –0.2V (c1) might correspond to the 

reduction of Cu(II) to Cu(I) and the second step (c2) is attributed to the reduction of Cu(I) to 

Cu. Correspondingly, in the anodic range, two oxidation peaks (a1 and a2) are observed, 

which are attributed to the oxidation of Cu to Cu(I) and Cu(I) to Cu(II), respectively. Similar 

behaviors were also reported for the deposition of Cu from ionic liquids [114].  

 

 

 

Fig. 3.4.1 Cyclic voltammograms of 0.1 M Zn(TfO)2 (a), 0.1 M Cu(TfO)2 (b) and 0.1 M 

Zn(TfO)2-0.1 M Cu(TfO)2 in [EMIm]TfO (c) recorded on gold at room temperature. Scan rate 

of 10 mV s–1. 

 

The CV of 0.1 M Zn(TfO)2+0.1 M Cu(TfO)2 in [EMIm]TfO (black line in Fig. 3.4.1 (c)) 

exhibits four reduction peaks in the cathodic range and four oxidation peaks in the anodic 
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range. The peaks c1 and c2 and their corresponding counterparts a1 and a2 are associated with 

the reduction and oxidation of Cu(II)/Cu(I) and Cu(I)/Cu, respectively. The reduction peak c3 

and its corresponding oxidation peak a3 are related to deposition and stripping of Zn-Cu alloy, 

respectively. While the peak c4 might be associated with the reduction of Zn and a4 is 

associated with the oxidation of Zn.  

 

 

 

Fig. 3.4.2 The morphologies of the Zn, Cu and Zn-Cu alloys films obtained by potentiostatic 

electrodeposition at different potentials and EDX analysis of Cu-Zn alloy obtained at the 

potential of −2.4 V vs. Pt. 

 

    The potentiostatic electrodeposition of Zn, Cu and Zn-Cu alloys was performed on gold 

substrates at different potentials for 2 h and the morphologies of the deposits are shown in Fig. 

3.4.2. Dense and uniform silver colored zinc deposits with plate like morphology were 
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obtained from 0.1 M Zn(TfO)2/[EMIm]TfO at −2.0 V vs. Pt (Fig. 3.4.2 (a)), while reddish-

orange colored Cu deposits with well-adherence to the gold substrate were obtained from 0.1 

M Cu(TfO)2/[EMIm]TfO at −1.5 V vs. Pt (Fig. 3.4.2 (b)). Electrodeposition was carried out at 

−2.2 V, −2.3 V, and −2.4 V, respectively, to synthesize Cu-Zn alloys on gold from 0.1 M 

Zn(TfO)2+0.1 M Cu(TfO)2/[EMIm]TfO. Spherically shaped structures (Fig. 3.4.2 (c) and (d)) 

are obtained at potentials of −2.2 V and −2.3 V vs. Pt. The EDX results show the deposits 

contain 13 and 18 mol % of Zn, respectively, in Fig. 3.4.2 (c) and Fig. 3.4.2 (d). However, the 

surface morphology is dramatically changed when the deposition potential is set at −2.4 V 

(Fig. 3.4.2 (e)). The morphology appears nodular with very fine crystallite sizes in the 

nanometer regime. The EDX results (Fig. 3.4.2 (f)) show that the deposits contain 24 mol % 

of Zn. As expected, the Zn content in the deposits is increasing as the applied potential shifts 

to more negative values. 

 

 

 

Fig. 3.4.3 XRD patterns of the electrodeposited Cu, Zn, and Zn-Cu alloys films. 

 

    The XRD patterns of the electrodeposited Zn, Cu, and Cu-Zn alloys on gold are shown in 

Fig. 3.4.3. Fig. 3.4.3 (a) shows the XRD pattern of Cu films obtained potentiostatically from 

0.1 M Cu(TfO)2/[EMIm]TfO at −1.5 V vs. Pt. The XRD pattern of the Cu deposits contained, 

in addition to the gold diffraction peaks as marked in the Fig. 3.4.3 (a),  three diffraction 

peaks at 2θ = 43.3o, 50.5o and 74.1o, which corresponded to the (1 1 1), (2 0 0), and (2 2 0) 

crystalline planes of the Cu (JCPDS No. 04-0831), respectively. The peak at ~ 35o marked by 

an asterisk marked is from gold substrate. In Fig. 3.4.3 (b) (zinc on gold obtained 
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potentiostatically from 0.1 M Zn(TfO)2/[EMIm]TfO at the potential of −2.0 V vs. Pt), the 

characteristic diffraction peaks at 2θ = 36.3o, 39.0o and 43.2o well agree with the (0 0 2), (1 0 

0), and (1 0 1) diffractions peaks of hexagonal zinc (JCPDS File No. 04-0831) and the 

diffraction peaks marked as black rectangle correspond to AuZn3 (JCPDS File No.50-1336), 

respectively. Fig. 3.4.3 (c) shows the XRD pattern of Cu-Zn alloys on gold obtained 

potentiostatically from 0.1 M Zn(TfO)2+0.1 M Cu(TfO)2/[EMIm]TfO at −2.4 V vs. Pt. 

According to the Cu-Zn equilibrium phase diagram, the electrodeposited copper-rich Cu-Zn 

alloy with the composition of 24 mol % Zn (Fig. 3.4.2 (f)) at room temperature exhibits the α–

Cu(Zn) phase. As can be seen only a small broad peak at 2θ = 41o was observed (marked by a 

blue circle), which can be attributed to the diffraction of α–Cu(Zn) and no other diffraction 

peaks due to Cu or Zn were present in the XRD pattern. The diffraction peak at 2θ = 34.2o 

marked as a star in the pattern is from the gold substrate. This strongly indicates that Zn forms 

good alloys with Cu. The formation of α–Cu(Zn) phase with a Zn content of less than 35 mol % 

was also reported in the deposition of Cu-Zn from ionic liquid solutions [115, 116]. However, 

the peak is broad and the intensity is low. It was reported in literature [117] that the Cu-Zn 

alloy signals can be observed at –1.6 V vs. Ag and it becomes amorphous when the potential 

shifts to –2.5 V vs. Ag, indicating the transition of Cu–Zn alloy from crystallized to 

amorphous as the potential shift to more negative direction. The low intensity might be due to 

the α–Cu(Zn) alloy being a mixture of crystallized and amorphous phase. Furthermore, 

according to Scherrer’s equation [102], broad peaks indicate a small crystal size of the 

deposits. This is consistent with the SEM results where the crystal size is in the nanometer 

regime (Fig. 3.4.2 (e)).  

3.4.2 Free-standing Cu-Zn alloy nanowires 

    Vertically aligned Cu-Zn alloy nanowires were obtained from the solution of 0.1 M 

Zn(TfO)2+0.1 M Cu(TfO)2/[EMIm]TfO by electrochemical deposition into gold sputtered 

polycarbonate membranes. Fig. 3.4.4 (a) shows a low magnification image of the free 

standing Cu-Zn alloy nanowires deposited at −2.4 V vs. Pt for 3 h. With higher magnification 

(Fig. 3.4.4 (b)), the SEM results show that the nominal diameter of the obtained Cu-Zn alloys 

nanowires is about 100 nm, which is more or less consistent with the pore diameter of the 

membrane, and wire lengths of about 5 µm. The length of the wires can be controlled by 

deposition time. As reported for zinc nanowires, the length of the wires can reach up to 18 µm 

by deposition for 6 h and less than 5 µm by deposition for 2 h [119]. From the cross section 

view of the nanowires as depicted in Fig. 3.4.4 (c), it is clear that the wires are free standing. 
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Zinc nanowires are easily bunched together even if the length of the wire is less than 3 µm 

[119]. However, the Cu-Zn alloys nanowires are free standing and no bunched structure was 

observed with lengths of more than 5 µm (Fig. 3.4.4 (a)). The EDX results (Fig. 3.4.4 (d)) 

show that the alloys contain 25 mol % of Zn. The large amount of Cu in the alloys is 

responsible for the non-bunched structure, which makes Cu-Zn alloy nanowires more suitable 

as cathode material than zinc alone in a battery. The XRD pattern of the Cu-Zn alloy 

nanowires is shown in Fig. 3.4.4 (e). A diffraction peak at 2θ = 41o was observed which is due 

to the diffraction of α–Cu(Zn) alloy. 

 

Fig. 3.4.4 (a) Top-view of Cu-Zn nanowires obtained by deposition at −2.4 V vs. Pt for 3 h 

from 0.1 M Zn(TfO)2+0.1 M Zn(TfO)2 in [EMIm]TfO solutions on sputtered gold. (b) high 

magnification of the nanowires with lengths about 5 µm and diameter of about 100 nm. (c) 

The interactions of the nanowires with the gold substrate. It is clearly shown that the 

nanowires are free standing. (d) EDX of the nanowires and (e) XRD pattern of the nanowires. 
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3.4.3 Conclusions 

It was shown that the electrochemical deposition of Cu-Zn films and nanowires from room 

temperature ionic liquids is possible. The ionic liquid [EMIm]TfO was used as electrolyte for 

the electrodeposition of Cu, Zn and Cu-Zn alloy films on a gold substrate. The Cu deposition 

takes place through two one electron transfer processes from Cu(II) to Cu(I) and Cu(I) to Cu, 

while zinc is directly reduced by a two electron transfer. The deposits range in Zn 

composition from 13 to 24 mol % in the obtained Cu-Zn alloys and can be varied by changing 

the deposition potential. The XRD results revealed that α–Cu(Zn) alloy was formed. The 

morphology of the Cu-Zn alloy deposits changes from spherical shaped crystallites to nodular 

shapes crystallites as the potential changes towards more negative values. Free standing Cu-

Zn alloys nanowires with average diameters of about 100 nm and lengths of about 5 µm were 

prepared.  
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3.5 Influence of an additive on zinc electrodeposition in the ionic liquid 1-

ethyl-3-methylimidazolium trifluoromethylsulfonate 

3.5.1 CVs of neat [EMIm]TfO and of [EMIm]TfO containing 0.2 M additive 

  CVs of [EMIm]TfO containing 0.2 M additive (1,2-dimethyl-3-(trifluoromethyl)-1H-

pyrazol-2-ium trifluoromethylsulfonate, was obtained from SOLVAY FLUOR, Germany) on 

gold at different reversal potentials are shown in Fig. 3.5.1. The potential was initially 

scanned from the open circuit potential (OCP +0.8 V) towards negative direction with a scan 

rate of 10 mV s−1. The electrochemical behavior of [EMIm]TfO is shown in the inset of Fig. 

3.5.1. [EMIm]TfO exhibits an electrochemical window of more than 3 V limited by the 

irreversible reduction of the organic cation (c3 in the inset of Fig. 3.5.1) and Au oxidation 

and/or anodic decomposition of the anion (at the electrode potentials above +2.0 V). In the 

presence of the additive, prior to the reduction of the organic ionic liquid cation (c3), two 

more peaks (c1 and c2) are observed (black curve), which are correlated with the reduction of 

the additive. On the reverse scan, the anodic peak a1 might be correlated to the oxidation of 

the decomposed imidazolium cations at c3, which is only found when the potential was set 

more negative than –1.8 V. The peak a2 in the blue curve (where the cathodic potential was 

reversed at –1.2 V) and the peaks a3 and a4 in the red curve (where the cathodic potential was 

reversed at –1.5 V) are correlated with the oxidation of the reduction products of the additive.  

 

 

 

Fig. 3.5.1 CVs of [EMIm]TfO (inset) and of 0.2 M additive in [EMIm]TfO with different 

reversal potentials, respectively, on gold at 25 °C. Scan rate 10 mV/s. 
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3.5.2 0.2 M Zn(TfO)2+0.2 M additive in [EMIm]TfO 

  The CVs of 0.2 M Zn(TfO)2/[EMIm]TfO in the presence and absence of 0.2 M additive on 

gold electrode with different reversal potentials are shown in Fig. 3.5.2. The cathodic reversal 

potential in Fig. 3.5.2 black curve was set to –0.8 V before the onset of the cathodic 

decomposition of the additive. The peaks c1 at –0.7 V and a1 at +0.5 V are attributed to the 

electrodeposition and stripping of zinc, respectively. As seen, the additive does not alter both 

Zn deposition and stripping processes when cathodic potential was reversed at –0.8 V. When 

the potential was reversed at –1.5 V (Fig. 3.5.2 blue curve) the reduction peak (c1) remains 

unchanged, however the anodic peak (a1) shifts slightly to the more positive direction and the 

peak current density decreases, suggesting that the anodic stripping process is suppressed by 

adsorption of the additive and/or its reduction products on the surface of the zinc deposit. By 

further shift of the cathodic reversal potential to –2.0 V (Fig. 3.5.2 red curve), the anodic peak 

a1 shifts towards more positive direction and the stripping current density is three times lower 

compared with the solution of 0.2 M Zn(TfO)2/[EMIm]TfO without additive (Fig. 3.5.2 

dotted line), although the shape and the position of zinc reduction peak are identical in both 

cases. These results suggest that the addition of the additive to Zn(TfO)2/[EMIm]TfO does not 

influence the overpotential of Zn deposition, but gives a pronounced hindering effect on the 

stripping process due to the adsorption of the additive on the electrode.  

 

 

 

Fig. 3.5.2 CVs of 0.2 M Zn(TfO)2/[EMIm]TfO without (dotted line) and with 0.2 M additive 

on gold electrode with different reversal potentials (solid lines). Scan rate 10 mV/s. 

 

  In order to demonstrate the influence of the additive on electrochemical processes, four 

successive CVs were performed at the same switching potentials, Fig. 3.5.3. Surprisingly, in 
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the following three cycles, the peak at c1 attributed to Zn deposition was strongly influenced 

and the stripping peak almost disappeared. The results indicate that the adsorption of the 

additive on the surface inhibits the Zn nucleation in the following cycles.  

 

 

Fig. 3.5.3 Four successive CVs of 0.2 M Zn(TfO)2+0.2 M additive/[EMIm]TfO on gold 

electrode at room temperature. Scan rate 10 mV/s. 

 

The cyclic voltammetry experiments were also performed at 100 °C, Fig. 3.5.4. In the first 

cycle, the onset of zinc deposition occurs (c1) at –0.3 V both in the presence and absence of 

the additive and the stripping occurs at about +0.2 V. However, in the following cycles, the 

zinc deposition peak potential in the presence of the additive shifts to –0.4 V (Fig. 3.5.4 peak 

c1) and the current density slightly decreases. The additive has a slight effect on the CVs in 

the following cycles and almost a reversible Zn deposition/stripping process is obtained at 

100 °C.  

 

Fig. 3.5.4 Four successive CVs of 0.2 M Zn(TfO)2+0.2 M additive/[EMIm]TfO on gold 

electrode at 100 °C. Scan rate 10 mV/s. 
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   As the adsorption of the additive on the surface is potential dependent, the change in 

deposition potential should influence the deposition process, affecting the morphology of the 

deposits. Therefore, the Zn deposits were prepared by potentiostatic deposition at different 

potentials from Zn(TfO)2/[EMIm]TfO with 0.2 M additive. For better comparison, the Zn 

deposits obtained from Zn(TfO)2/[EMIm]TfO without additive at the same potentials were 

also investigated. In the absence of the additive, Zn electrodeposits obtained at –0.7 V vs. Zn 

appear to have a plate-like hexagonal microstructure, perpendicular to the substrate. As the 

potential changed to more negative values (–0.8 V, –1.0 V and –1.2V, respectively, in Fig. 

3.5.5 (b)-(d)), the morphologies of the structure still have a plate-like hexagonal structure but 

with smaller sizes. Visually, the deposits are silvery and uniform with good adherence in all 

cases. 

 

 

 

Fig. 3.5.5 The morphology of the Zn deposit obtained from Zn(TfO)2/[EMIm]TfO in the 

absence of the additive at –0.7 V, –0.8 V, –1.0 V and –1.2V, respectively. 

 

   In the presence of the additive dark-gray deposits were obtained at –0.7 V and –0.8 V while 

black deposits were obtained at –1.0 V. The morphologies of the deposits obtained at different 

potentials reveal the change of the structure from micro-crystalline at –0.7 V to nano-

crystalline structure at –1.0 V in the presence of the additive (Fig. 3.5.6 (a)-(c)). The 

adsorption of the additive on the electrode leads to the observed refining effect at –1.0 V. 
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However, no deposit was found on the surface by electrodeposition at –1.2 V for 2 h. The 

results suggest that the strongly adsorbed additive and/or the decomposition products of the 

additive on the surface inhibit the formation of nuclei by blocking the electrode surface.  

 

 

 

Fig. 3.5.6 The morphology of the Zn deposit obtained from Zn(TfO)2/[EMIm]TfO in the 

presence of the additive at –0.7 V, –0.8 V and –1.0 V, respectively. 

 

The XRD patterns of the Zn deposits obtained at different potentials in the presence of the 

additive are presented in Fig. 3.5.7. At –0.7 V and –0.8 V, both the XRD patterns exhibit 

diffraction peaks of Zn (JCPDS File No. 04-0831) with 2θ = 36.3°, 39.0° and 43.2°, which 

well agree with the (0 0 2), (1 0 0), and (1 0 1) diffraction peaks of hexagonal zinc and of 

AuZn3 (JCPDS File No. 50-1336) with several distinct diffraction peaks at 2θ = 22.5°, 25.2°, 

27.6°, 41.2°, 42.8°, and 45.9°, which agree well with the (2 0 0), (2 1 0), (2 1 1), (3 2 0), (3 2 

1) and (0 0 4) diffractions of cubic AuZn3. The two XRD patterns are the same as the pattern 

of the deposits obtained in Zn(TfO)2/[EMIm]TfO without additive (results are not shown 

here). However, both the diffraction peaks of Zn and of AuZn3 are less pronounced at –1.0 V 

in the presence of the additive. Instead, a strong diffraction peak at 2θ = 40.5° is obtained 

along with the other characteristic diffraction peaks as indicated with dotted lines in Fig. 3.5.7, 

which are attributed to the diffractions of AuZn alloy (JCPDS File No. 65-5430). Furthermore, 

the peaks are broad at –1.0 V, indicating a smaller crystal size of the electrodeposited zinc 
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film. The average crystallite size of zinc obtained at –1.0 V was estimated by Scherrer’s 

equation [102] and it was found to be ∼32 nm. The adsorption of the additive on the surface 

influences the preferred orientation and phase formation. 

 

 

Fig. 3.5.7 The XRD patterns of the Zn deposit obtained in the presence of the additive at –0.7 

V, –0.8 V and –1.0 V, respectively. 

 

3.5.3 0.2 M Zn(TfO)2/[EMIm]TfO with different concentrations of additive  

    Fig. 3.5.8 compares the CVs of 0.2 M Zn(TfO)2/[EMIm]TfO without and with different 

concentrations of the additive on gold. In the cathodic regime, the peak c1 is assigned to the 

deposition of zinc and it is clear that in all cases the peak c1 was unchanged both in shape and 

in the position. The peak c2 is attributed to the reduction of the additive and the current 

density decreases as the concentration decreases. When the concentration of the additive is 

reduced to 0.01 M, the peak (c2) has almost disappeared and the curve has the same features 

as that obtained in the absence of the additive (CV is not shown in the Figure). In the anodic 

regime, in all cases the stripping peak is due to the oxidation of zinc. However, the stripping 

peak potential is shifted to more positive values and the peak current density decreases as the 

concentration of the additive increases. The results reveal that the concentration of the 

additive also has a distinct effect on the deposition and stripping process of Zn. 
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  The morphology of the Zn deposits obtained by potentiostatic deposition for 2h from 

Zn(TfO)2/[EMIm]TfO with 0.2 M (a), 0.1 M (b), 0.05 M (c) and 0.01 M (d) additive at –1.0 V 

are shown in Fig. 3.5.9. Nanocrystalline Zn deposits were obtained with the additive 

concentration of more than 0.05 M. However, the Zn deposit obtained from 

Zn(TfO)2/[EMIm]TfO with 0.01 M additive has a micro-structure (Fig. 3.5.9 (d)), analogous 

to that obtained in the absence of the additive. 

 

Fig. 3.5.8. CVs of 0.2 M Zn(TfO)2/[EMIm]TfO without (dotted line) and in the presence of 0.2 

M, 0.1 M and 0.05 M additive on gold surface (solid lines). Scan rate 10 mV/s. 

 

 

 

Fig. 3.5.9. The SEM images of the Zn deposits obtained by deposition at –1.0 V for 2 h from 

Zn(TfO)2/[EMIm]TfO with 0.2 M (a), 0.1 M (b), 0.05 M (c) and 0.01 M (d) additive. 

 

  The XRD patterns for the deposits obtained from 0.2 M Zn(TfO)2/[EMIm]TfO with different 

concentrations of the additive (0.01-0.2 M) are presented in Fig. 3.5.10. The electrodeposited 

layers contain fine crystallites in the nanometer regime with average grain sizes of 32 nm, 48 
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nm and 26 nm in the presence of 0.2 M, 0.1 M and 0.05 M additive, respectively, calculated 

using the Scherrer equation, while the Zn deposit obtained with 0.01 M additive shows micro-

sized structure.  

 

 

 

Fig. 3.5.10. XRD patterns of the Zn deposits obtained by deposition at –1.0 V for 2 h from 

Zn(TfO)2/[EMIm]TfO with 0.2 M, 0.1 M, 0.05 M and 0.01 M additive. 

 

3.5.4 Conclusions 

    The electrochemical behavior of Zn deposition from 0.2 M Zn(TfO)2/[EMIm]TfO on gold 

in the presence and absence of an additive has been investigated by CV, SEM and XRD. In 

the presence of the additive, more than two peaks are observed in the CV, which can be 

ascribed to the deposition of zinc and decomposition of the additive, respectively. The 

additive has no effect on the reduction peak of zinc, but the stripping peak is significantly 

influenced. Nanocrystalline zinc deposits were obtained in the presence of the additive. The 

effect of the additive becomes more pronounced as the concentration increases. Adsorption of 

the additive on the surface retards the zinc nucleation and affects the deposit morphology. 
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3.6 Electrodeposition and stripping of zinc from an ionic liquid polymer gel 

electrolyte for rechargeable zinc-based batteries 

3.6.1 The gel electrolyte 

    The ionic liquid 1-butyl-1-methylpyrrolidinium trifluoromethylsulfonate ([Py1,4]TfO) was 

selected for the gel polymer electrolyte, due to its large electrochemical window of ~5.8 V. 

The amount of PVdF-HFP in the ionic liquid gel electrolyte is varied by a gradual increase of 

the PVdF-HFP amount from 10 to 40 wt%. The conductivity of the gel electrolyte was 

calculated as described in experimental section 2.5. The conductivity of the gel electrolyte as 

a function of the PVdF-HFP concentration is shown in Fig. 3.6.1.  

 

 

 

Fig. 3.6.1 Conductivity of the gel electrolyte as a function of PVdF-HFP concentration.  

 

    An increase of the PVdF-HFP concentration leads to a decrease of the conductivity and an 

increase of the viscosity and a better mechanical strength of the gel electrolyte. Visually, the 

gel electrolyte is too sticky and has a glue-like appearance, which will result in the leakage of 

the IL, at a PVdF-HFP concentration below 20 wt%. The gel electrolyte is too stiff and has a 

hard plastic-like appearance, which reduces the conductivity too much, at a PVdF-HFP 

concentration of more than 40 wt%. However, the gel electrolyte is transparent, flexible, and 

extensible and has a soft rubber appearance, exhibiting a good conductivity of 2.2 mS cm−1 at 

room temperature, with a PVdF-HFP concentration of 30 wt%. As the ion mobility is 

dependent on the prior swelling of the polymer, in the following experiments, the gel 

electrolyte was prepared by controlling the weight ratio of the ionic liquid containing 0.2 M 

Zn(TfO)2 electrolyte to PVdF-HFP at 7:3. These were the optimal conditions for the gel 

electrolyte made here. 
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3.6.2 Zinc deposition/stripping on gold from the gel electrolyte 

Fig. 3.6.2 shows the cyclic voltammogram of 0.2 M Zn(TfO)2 in the [Py1,4]TfO-PVdF-HFP 

gel electrolyte at room temperature at a scan rate of 10 mV s−1. The electrode potential was 

scanned from the open circuit potential (OCP) in the negative direction as indicated in Fig. 

3.6.2. In the cathodic regime, the peak at c1 is attributed to the bulk deposition of zinc. In the 

reverse scan, a loop was found, indicating nucleation. In the anodic regime, the peak a1 

observed at a potential of about +0.5 V is attributed to the stripping of the electrodeposited 

zinc. The Zn deposition/stripping process clearly indicates that Zn2+ ions are mobile in the 

polymer electrolyte, and Zn can be deposited and stripped in this gel electrolyte. 

 

 

 

Fig. 3.6.2 Cyclic voltammogram of 0.2 M Zn(TfO)2 in [Py1,4]TfO-PVdF-HFP gel electrolyte 

on gold substrate at room temperature at a scan rate of 10 mV/s. 

 

For a rechargeable zinc-based battery, it is necessary to investigate a series of cycles of zinc 

deposition/stripping and the morphology of the zinc deposits after several cycles. Therefore, 

10 cycles of potentiostatic zinc deposition/stripping were performed first: the potential is kept 

at Ered = −0.7 V for 0.5 h, then changed abruptly to Eox = +1.0 V for 0.5 h, set back to −0.7 V 

for 0.5 h. These steps were repeated for 10 times. The viewgraphs of current density versus 

time after 10 cycles is plotted in Fig. 3.6.3 (a). The current response is mainly due to the 

Faraday current of Zn deposition or stripping. In the initial state of the potentiostatic 

deposition, the current density increased rapidly when the potential was applied. This rapid 

increase in current density may be due to the interfacial layer charging during which cations 

assemble in front of the cathode or due to an activation polarization of the cathode. 

Subsequently, the current density dropped which can be attributed to the formation of the 
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initial nuclei on the electrode, consuming the majority of the ions accumulated in front of the 

cathode. The current density decreased with time and became almost constant after 15 min, 

suggesting a lower deposition rate under diffusion control (the diffusion coefficient obtained 

from the Cottrell equation was 4.2 ± 0.3×10−10 cm2 s−1). The current density vs. time curves of 

the 10 deposition processes in subsequent cycling look similar, which indicates that the Zn2+ 

ion can well migrate in the gel and the gel electrolyte has a good contact with the gold 

substrate after the stripping processes.  

 

 

 

Fig. 3.6.3 (a) Current density versus time curves of potentiostatic deposition and stripping of 

zinc on gold substrates at Ered = −0.7 V for 0.5 h and at Eox = +1.0 V for 0.5 h in the IL 

polymer gel electrolyte containing 0.2 M Zn(TfO)2 for 10 cycles on gold. (b) Charge-cycle 

number plots of the 10 cycles of Zn deposition/stripping in the polymer gel electrolyte on gold. 

 

 

    Figure 3.6.3 (b) represents the charge vs. number of cycles of zinc deposition/stripping in 

the polymer gel electrolyte. The charge passed during deposition did not change much after 

the fifth cycle. This indicates that the gel electrolyte is quite stable. The Coulombic efficiency 

decreases gradually in the initial cycles (~85 % in the first cycle) and reaches a stable 

efficiency after the sixth cycle (~75 %). This means that not all deposited zinc is reoxidized. 

We found that some zinc remains in the membrane which is no longer available for 

reoxidation. After 10 deposition/stripping cycles, a slightly black layer was found on the gel 
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electrolyte, i.e., unstripped zinc. In the beginning, I applied a deposition potential of −0.5 V 

and a stripping potential of +0.5 V, as a result a dark black layer was found on the gel 

electrolyte. By changing the deposition potential to −0.7 V and the stripping potential to +1.0 

V, the black layer can be effectively reduced. Thus, this just seems to be a conditioning 

problem. 

The galvanostatic Zn deposition/stripping on the gold electrode with different given current 

densities was also investigated. A cathodic current density of 60 μA cm−2 is the limiting value, 

giving an electrode potential of ~ −0.3 V vs. Zn. A current density of 80 μA cm−2 leads to a 

potential of −2 V vs. Zn, revealing that side reactions (IL decomposition) occur.  

 

 

 

Fig. 3.6.4 (a) Voltage-time curves of galvanostatic Zn deposition/stripping on gold electrode 

for 10 cycles at the current density of −40 μA cm−2 for 0.5 h and of 40 μA cm−2 for 0.5 h with 

a cutoff potential of +0.8 V. (b) Coulombic efficiency-cycle number plots of the 10 cycles of 

Zn deposition/stripping in the polymer gel electrolyte on gold. 

 

The applied anodic current densities of up to 60 μA cm−2 lead to oxidation potentials of ~ 

+0.3 V vs. Zn, followed by a steep increase to ~ +2.5 V vs. Zn when all Zn was consumed. At 

+2.5 V vs. Zn, a side reaction occurs. Fig. 3.6.4 shows the result of galvanostatic Zn 

deposition/stripping cycles on gold with a deposition current density of 40 μA cm−2 for 0.5 h, 

and an anodic current density of 40 μA cm−2 for 0.5 h at a cutoff potential of +0.8 V, over 10 
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deposition/stripping cycles. The Zn deposition voltage was located at around −0.2 V and the 

corresponding stripping voltage was between +0.2 and + 0.4 V. The process was reversed 

when the potential was more than +0.8 V; otherwise, the potential would increase rapidly to 

about +2.5 V where side reactions (IL decomposition, Au oxidation) may start. The 

deposition/stripping efficiency is calculated based on the charge/discharge curves. In the first 

cycle, the efficiency was only 45 %, which means only half of the deposited zinc was stripped. 

The observed loss of efficiency may be associated with the formation of the passivation layer 

on the electrodes surface in the first cycle. However, the efficiency increases as the cycle 

number increases and an efficiency of more than 85 % was obtained after the seventh cycle. A 

quasi-reversible Zn deposition/stripping process can be observed. 

 

 

 

Fig. 3.6.5 SEM images of the zinc deposits obtained by potentiostatic deposition and stripping 

of zinc on gold substrates at Ered = −1.0 V for 1 h and at Eox = +0.5 V for 1 h with different 

cycles in the IL polymer gel electrolyte containing 0.2 M Zn(TfO)2.  

 

In order to find out how the cyclic zinc deposition/stripping process affects the morphology 

of Zn, we investigated the deposits after different cycles with a high-resolution scanning 

electron microscope (SEM). Fig. 3.6.5 presents images of the zinc deposits after 1, 2, 5, and 

10 deposition and 0, 1, 4, and 9 stripping processes at −1 and +0.5 V, respectively, from the 

gel electrolyte. Visually, the deposits appear to be thin, dark gray, and well-adhering to the 

gold substrate. The electrodeposited layers contain fine crystallites in the nanometer regime 
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(with average grain sizes of 40 nm calculated using Scherrer equation [102] from XRD data) 

as shown in the inset of Fig. 3.6.5 (b). Although nanocrystal deposits can also be obtained 

from neat [Py1,4]TfO as reported in a previously published paper [120], the morphology of the 

deposits obtained from the gel electrolyte is even smoother without any hint for dendrites. 

With an increasing number of cycles, the grain size and the morphology of the deposits only 

slightly change and there is no hint for a dendritic growth. 

3.6.3 Zinc deposition on copper from the gel electrolyte 

Copper is a candidate as current collector in batteries. One problem is that in contact with 

organic solutions the Cu current collector can be subjected to corrosion during the 

electrochemical oxidation/reduction processes, forming surface layers [121, 122]. The 

compatibility of the IL polymer gel electrolyte with the Cu substrate is thus of fundamental 

interest. Therefore, zinc electrodeposition/stripping experiments from the IL polymer gel 

electrolyte were also carried out on a Cu substrate. 

The cyclic voltammogram of 0.2 M Zn(TfO)2 in [Py1,4]TfO-PVdF-HFP gel electrolyte on a 

copper substrate is shown in Fig. 3.6.6. Similar to the gold substrate, a typical zinc 

deposition/stripping process was observed. The zinc deposition and stripping start at 

potentials of about −0.5 V (vs. Zn) and +0.1 V (vs. Zn), respectively, as indicated by the 

reduction peak observed in the forward scan and the oxidation peak observed in the backward 

scan. However, the deposition potential slightly shifts to less negative values on copper 

compared with gold. Furthermore, the stripping current density was almost twice on copper 

than on gold, whereas in both cases the deposition current density is almost the same. This 

suggests a better stripping of zinc from copper.  

 

Fig. 3.6.6 Cyclic voltammogram of 0.2 M Zn(TfO)2 in [Py1,4]TfO-PVd-FHFP gel electrolyte 

on copper substrate at room temperature at a scan rate of 10 mV/s. 
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Fig. 3.6.7 (a) shows the current density/time curves resulting from potentiostatic deposition 

at −0.7 V for 0.5 h and stripping at +1.0 V for 0.5 h for 10 cycles on a copper substrate. The 

current densities of the deposition processes recorded on copper are similar to each other in 

each cycle, suggesting a good electrochemical stability of the copper electrodes with the ionic 

liquid polymer gel electrolyte. The amount of charge passed during the deposition is a little 

bit more than that during the stripping as shown in Fig. 3.6.7 (b), indicating an incomplete 

stripping of zinc. Like on gold substrate, the Coulombic efficiency decreases gradually in the 

initial cycles (~95% in the first cycle) and reaches a stable efficiency after the sixth cycle 

(~80%). 

The galvanostatic Zn deposition/stripping on the copper electrode was first studied by 

applying different current densities. The results show that a current density of 40 μA cm−2 

leads to a safe potential of ~ −0.1 V whereas higher values lead to side reactions. For the 

stripping process, a current density of 40 μA cm−2 leads to a safe potential of 0 ~ +0.3 V 

before a steep increase occurs due to side reactions once the available Zn is consumed. 

Therefore, the ionic liquid polymer electrolytes have been evaluated for cyclability property 

under a current density of 40 μA cm−2.  

 

Fig. 3.6.7 (a) Current density versus time curves of potentiostatic deposition and stripping of 

zinc on gold substrates at Ered = −0.7 V for 0.5 h and at Eox = +1.0 V for 0.5 h in the IL 

polymer gel electrolyte containing 0.2 M Zn(TfO)2 for 10 cycles on copper. (b) Charge-cycle 

number plots of the 10 cycles of Zn deposition/stripping in the polymer gel electrolyte on 

copper. 
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Fig. 3.6.8 (a) shows the results of galvanostatic Zn deposition/stripping cycles on copper 

electrode with the current density kept at 40 μA cm−2 for 0.5 h, and changed to 40 μA cm−2 

for 0.5 h with a cutoff potential of +0.8 V, over 10 deposition/stripping processes. The initial 

Coulombic efficiency (Fig. 3.6.8 (b)), determined by the ratio between the discharge and 

charge curves, is only 50%. The observed loss of efficiency may be associated with the 

formation of the passivation layer on the electrode surface in the first cycle. However, it 

quickly increases to more than 90% in the subsequent cycles. In particular, the efficiency 

value is over 95 % after the eighth cycle, which indicates that the cell has quite a good cycling 

reversibility. This behavior can be explained as follows: in the first cycle Zn can form Zn-Au 

or Zn-Cu alloys which might be difficult to be stripped; furthermore, some zinc may be 

deposited in pits of the surface which may not be available for stripping, while in the 

following cycles more zinc is accumulated on the surface and the available zinc for stripping 

increases, the efficiency is increased with subsequent cycling. 

 

 

Fig. 3.6.8 (a) Voltage–time curves of galvanostatic Zn deposition/stripping on copper 

electrode for 10 cycles at the current density of −40 μA cm−2 for 0.5 h and of 40 μA cm−2 for 

0.5 h with a cutoff potential of +0.8 V. (b) Coulombic efficiency-cycle number plots of the 10 

cycles of Zn deposition/stripping in the polymer gel electrolyte on copper. 
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Fig. 3.6.9 shows the Coulombic charge/discharge profiles of the polymer gel electrolytes 

and Coulombic efficiency resulting from potentiostatic deposition at −0.7 V for 0.5 h and 

stripping at +1.0 V for 0.5 h over 100 cycles on a copper substrate. The cell delivers a 

Coulombic charge capacity of 0.41 mAh and a Coulombic discharge capacity of 0.38 mAh in 

the initial cycle. With an increase of the cycle number, the Coulombic charge/discharge 

increases first and then reaches stability in the 40th cycle. The Coulombic efficiency is 92% 

in the initial cycle and decreases slightly in the first 5 cycles, then increases again to more 

than 90% in the initial 20 cycles. The charge and discharge efficiency improves to ~85% in 

the 40th cycle and gets stable at >80% in the subsequent cycles. Additives and improved 

deposition/stripping potentials might help to achieve a Coulombic efficiency close to 100%. 

 

 

 

Fig. 3.6.9 Coulombic charge/discharge profiles of the polymer gel electrolytes and 

Coulombic efficiency resulting from potentiostatic deposition at −0.7 V for 0.5 h and 

stripping at +1.0 V for 0.5 h over 100 cycles on a copper substrate 

 

Fig. 3.6.10 shows SEM images of zinc deposits on copper, after 1, 2, 5, and 10 deposition 

processes at –1.0 V and correspondingly 0, 1, 4, and 9 stripping processes at +0.5 V, 

respectively, from the gel electrolyte containing 0.2 M Zn(TfO)2. Overall, the deposits were 

relatively rough with some nodules compared with the gold substrate and even after 10 cycles 

of deposition/stripping there is no dendritic growth, but the different particles are obviously a 

bit larger than on gold. This seems to be mainly due to the roughness of the copper substrate. 

Our results show that this polymer gel electrolyte allows the quasi-reversible 

electrodeposition of Zn on Cu. It is of interest to investigate how the gel electrolyte behaves if 

100-1000 cycles are performed and how the deposition/stripping potentials and times 

influence the cathodic behavior. 
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Fig. 3.6.10 SEM images of the zinc deposits obtained by potentiostatic deposition and 

stripping of zinc on copper substrate at Ered = −1.0 V for 1 h and at Eox = +0.5 V for 1 h with 

different cycles in the IL polymer gel electrolyte containing 0.2 M Zn(TfO)2.  

 

3.6.4 Conclusions 

An ionic liquid polymer gel electrolyte made of [Py1,4]TfO, 0.2 M Zn(TfO)2, and PVdF-

HFP exhibits good conductivity and mechanical properties with 30 wt% of the polymer. The 

CV, potentiostatic, and galvanostatic deposition and stripping of Zn reveal the quasi-

reversibility of zinc deposition/stripping in the gel electrolyte. A relatively smooth zinc film 

was obtained after 10 deposition/stripping cycles on both gold and copper, which indicates 

that the gel electrolyte well suppresses dendritic growth. Thus, it can be concluded that 

[Py1,4]TfO-PVdF-HFP polymer gel containing 0.2 M Zn(TfO)2 can be regarded as a 

promising electrolyte for rechargeable zinc-based batteries. 
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3.7 In situ STM study of zinc electrodeposition on Au(1 1 1) from the ionic 

liquid 1-ethyl-3-methylimidazolium trifluoromethylsulfonate 

3.7.1 Pure [EMIm]TfO 

Cyclic voltammograms of the pure [EMIm]TfO on Au(1 1 1) with two different reversal 

potentials are presented in Fig. 3.7.1. Scans were initially swept cathodically from the open 

circuit potential (OCP, +0.8 V) with a scan rate of 10 mV s−1. [EMIm]TfO exhibits an 

electrochemical window of about 4 V limited by the irreversible reduction of the organic 

cation (c3 in Fig. 3.7.1) and Au oxidation (at the electrode potentials above +2.0 V). By 

zooming in, two small processes (c1 and c2) can be identified as indicated in the inset of Fig. 

3.7.1. As will be discussed later in the in situ STM section, the processes are presumably 

correlated with adsorption of the ionic liquid ions on the Au(1 1 1) surface. The broad anodic 

processes in the reverse scan (a1 and a2) are mainly correlated with the oxidation of the cation 

decomposition products as they are only observed when the potential is set below −1.8 V. 

 

 

 

Fig. 3.7.1 Cyclic voltammograms of [EMIm]TfO on Au(1 1 1) at 25 °C. Scan rate 10 mV s−1. 

 

Fig. 3.7.2 shows in situ STM images of Au(1 1 1) in [EMIm]TfO ionic liquid during 

cathodic polarization. At OCP (+0.8 V vs. Zn), the Au(1 1 1) surface is rather rough (Fig. 

3.7.2 (a)), the steps are “decorated,” and zooming shows that a “layer” is present at the 

electrode surface (Fig. 3.7.2 (b)). Between OCP and +0.3 V, the structure of this “layer” 

remains more or less stable. However, by further decreasing of the electrode potential (the 

potential regime of c1 in Fig. 3.7.1), the image quality deteriorates as the surface gets mobile 

and varies from scan to scan (Fig. 3.7.2 (c), (d)). At 0.0 V vs. Zn, the image quality improves 
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again (Fig. 3.7.2 (e))) and a higher magnification shows that tiny holes can be found over the 

surface (Fig. 3.7.2 (f)). The observed structure can be explained with an interaction of the 

adsorbed [EMIm]+ ion with the Au(1 1 1) surface. The holes slowly disappear with decreasing 

of the electrode potential, and at −0.7 V, a relatively smooth Au(1 1 1) surface can be probed 

(Fig. 3.7.3 (a)). By further reducing the electrode potential (the potential regime of c2 in Fig. 

3.7.1), the surface changes again and a “layer” forms on the gold surface (Fig. 3.7.3 (b)). This 

“layer” grows with time and with decreasing potential (Fig. 3.7.3 (c)). At potentials more 

negative than −1.5 V vs. Zn, STM images cannot be obtained. 

Recently published in situ STM and AFM results reveal that interfaces between ionic 

liquids and electrodes are rather complicated as solvation layers can form which interact with 

electrode surfaces [123]. It was suggested in [124-126] that the adsorption of cations on the 

Au(1 1 1) surface leads to the formation of pits and to worm-like structures [125, 126]. The 

extent and strength of the adsorption of the ionic liquid species are dependent on the applied 

potential [127] and on the respective ionic liquid. I cannot exclude that the interfaces observed 

here are also influenced by traces of HSO3CF3, as it is difficult to completely remove 

HSO3CF3 from this liquid. 

 

 

 

 

Fig. 3.7.2 In situ STM images of Au(1 1 1) in [EMIm]TfO between OCP and 0.0 V vs. Zn: (a) 

+0.8 V vs. Zn; (b) +0.8 V vs. Zn; (c) +0.2 V vs. Zn; (d) +0.1 V vs. Zn; (e) +0.0 V vs. Zn; and 

(f) + 0.0 V vs. Zn. 
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Fig. 3.7.3 In situ STM images of Au(1 1 1) in [EMIm]TfO at more negative electrode 

potentials: (a) −0.7 V vs. Zn; (b) −0.9 V vs. Zn; and (c) −1.2 V vs. Zn. 

 

3.7.2 0.2 M Zn(TfO)2 in [EMIm]TfO 

The cyclic voltammogram of 0.2 M Zn(TfO)2 in [EMIm]TfO on Au(1 1 1) is presented in 

Fig. 3.7.4. The first reduction process c1 (inset in Fig. 3.7.4) is correlated with the 

underpotential deposition (UPD) of Zn accompanied by the formation of Zn-Au alloys, as 

evidenced by in situ STM results presented below. At c2, the formation of a black deposit is 

clearly seen. This process is ascribed to the bulk reduction of Zn2+ to the metal. On the reverse 

scan, the deposited Zn is anodically stripped, indicated by two anodic peaks: a1 is due to the 

stripping of Zn, whereas a2 is associated with the dissolution of Zn-Au alloys. The Zn 

deposition and formation of Zn-Au alloys were also confirmed by XRD studies [120]. 

 

 

Fig. 3.7.4 Cyclic voltammograms of 0.2 M Zn(TfO)2 in [EMIm]TfO on Au(1 1 1) at 25 °C. 

Scan rate 10 mV s−1. 
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In situ STM was applied to investigate the initial stages of Zn electrodeposition in the 

underpotential (UPD) and overpotential (OPD) deposition regimes. Previous in situ STM 

studies have shown that the addition of metal salts to ionic liquids can influence their 

interfacial behavior [100]. It was reported that the presence of LiCl strongly affects the 

interactions and the solvation layer structure at the IL/Au(1 1 1) interface. In the case of 

[EMIm]TfO, the addition of the Zn salt in the ionic liquid has also an influence on the 

interfacial structure. At the OCP (+0.8 V vs. Zn), instead of the rough surface obtained for 

pure [EMIm]TfO (Fig. 3.7.2 (a)), a typical terrace-like Au(1 1 1) surface with a step height of 

250 pm is probed in the presence of 0.2 M Zn(TfO)2 (Fig. 3.7.5 (b)). Similar to the pure ionic 

liquid, the image quality gets worse by decreasing the electrode potential, something like a 

layer is present on the gold surface (Fig. 3.7.5 (b)).When the potential is reduced to +0.3V 

(potential regime of c1 in Fig. 3.7.4), some islands appear on the surface (Fig. 3.7.5 (c)). 

There are no such islands at this electrode potential in the pure ionic liquid (Fig. 3.7.2). 

Between +0.3 and +0.2 V, the size and the height of these islands do not change. However, 

when the electrode potential is set to +0.1 V, the islands start to grow (Fig. 3.7.5 (d), (e))). 

This process is very slow, and it takes several hours to get the surface completely covered. At 

0.0 V vs. Zn, the islands grow faster; after 40 min, the entire surface is covered, and a rough 

Zn film starts growing (Fig. 3.7.5 (f)).  

 

 

 

Fig. 3.7.5 In situ STM images of Au(1 1 1) in 0.2 M Zn(TfO)2/[EMIm]TfO at (a) OCP, (b) 

+0.6 V, (c) +0.3 V, (d) +0.1 V for 10 min, (e) +0.1 V for 40 min, (f) +0.0 V for 40 min. 
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If the electrode potential is set back to +0.7 V, the rapid Zn dissolution is obtained (Fig. 

3.7.6 (a)). With time and with increasing the electrode potential, the Au(1 1 1) surface appears 

rough with 0.3~0.5 nm deep defects as presented in Fig. 3.7.6 (b), which indicates the 

formation of Zn-Au alloys during the cathodic scan. If the electrode potential is further 

increased to +1.2 V, gold dissolution starts and the Au(1 1 1) surface becomes porous (Fig. 

3.7.6 (c)). 

 

 

 

Fig. 3.7.6 Evidence of the Au-Zn surface alloying: (a) In situ STM images of the stripping of 

the formerly deposited Zn layer; (b) bare Au(1 1 1) surface; and (c) dissolution of the gold 

surface. 

 

The appearance of the Au(1 1 1) surface is considerably different if the experiment is 

repeated without changing the substrate (Fig. 3.7.7). At +0.8 V vs. Zn, some islands form on 

the “skeleton” of the surface (Fig. 3.7.7 (a)). These islands grow a bit when the potential is 

reduced to +0.4 V (Fig. 3.7.7 (b)). Between +0.3 and +0.2 V, this surface is more or less 

stable. However, when the electrode potential is set to +0.1 V, the number of islands 

significantly increases as shown in Fig. 3.7.7 (c). The islands grow rapidly with time and with 

decreasing the electrode potential. At 0.0 V vs. Zn, the whole surface is covered by a thin Zn 

layer (Fig. 3.7.7 (d)). 
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Fig. 3.7.7  In situ STM images of underpotential deposition of Zn obtained in the cathodic 

regime during the second STM scan: (a) +0.8 V vs. Zn; (b) +0.4 V vs. Zn; (c) +0.1 V vs. Zn; 

and (d) 0.0 V vs. Zn. 

 

    Fig. 3.7.8 shows STM images in the OPD regime. If the electrode potential is reduced to 

−0.1 V, a rough layer of Zn is obtained (Fig. 3.7.8 (a)). The thickness of the deposited Zn 

layer increases when the potential is further decreased, and at −0.7 V, a relatively thick layer 

is obtained (Fig. 3.7.8 (b)). The in situ STM results can be summarized as follows: first 

monoatomically high Zn islands grow on the Au(1 1 1) surface to form a thin Zn layer in the 

UPD regime. Upon further reducing of the potential, bulk Zn deposition sets in and a 3D layer 

is obtained. 

 

 

Fig. 3.7.8 In situ STM images of overpotential deposition of Zn on Au(1 1 1) in 0.2 M 

Zn(TfO)2/[EMIm]TfO: (a) −0.1 V vs. Zn and (b) −0.7 V vs. Zn. 
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3.7.3 Conclusions 

An in situ STM study of 1-ethyl-3-methylimidazolium trifluoromethylsulfonate 

([EMIm]TfO) and of zinc electrodeposition from zinc trifluoromethylsulfonate (Zn(TfO)2) in 

this ionic liquid on Au(1 1 1) has been presented. In situ STM measurements show that the 

structure of [EMIm]TfO/Au(1 1 1) is complex. At OCP (+0.8 V vs. Zn), the Au(1 1 1) surface 

is very rough with a “layer” present at the surface. This “layer” changes continuously during 

cathodic polarization resulting in a porous structure at 0.0 V. The addition of Zn(TfO)2 has a 

significant influence on the [EMIm]TfO/Au(1 1 1) interface. Instead of a rough surface, rather 

a typical terrace-like Au(1 1 1) surface is obtained at OCP. The first Zn islands appear at 

about +0.3 V vs. Zn. These islands grow slowly by decreasing the electrode potential until a 

thin layer of deposit is formed at 0.0 V. At −0.1 V, a bulk deposition of Zn occurs. 

Furthermore, in situ STM images reveal evidence of Au-Zn surface alloying after dissolution 

of deposited Zn. The study also shows that the gold surface (and presumably other electrode 

materials) gets somehow activated by electrodeposition and stripping of zinc. 
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3.8 Raman and FT-IR spectroscopic studies of 1-ethyl-3-methylimidazolium 

trifluoromethylsulfonate, its mixtures with water and the solvation of zinc 

ions  

3.8.1. FT-IR of [EMIm]TfO+water mixtures between 2800 and 3800 cm−1 (OH 

stretching vibrations)  

    Infrared spectroscopy is considered to be a powerful technique for exploring the molecular 

state of water in different solvents. The OH stretching vibrations are very sensitive to the 

chemical environment and have been widely used to obtain structural information on 

interactions of electrolyte-water solutions. FT-IR spectra of neat [EMIm]TfO and with 

different amounts of water from 5 to 80% (v/v) are shown in Fig. 3.8.1. The mid infrared 

spectrum of liquid water (Fig. 3.8.1 top, green curve) is composed of a broad band in the 

range from 2800 to 3800 cm−1.   

 

 

 

Fig. 3.8.1 FT-IR spectra of [EMIm]TfO and of [EMIm]TfO+water mixtures between 2800 

and 3800 cm−1.  

 

    Many attempts were done to explain the OH stretching bands [128-132]. In general, the OH 

stretching band around 3250 cm−1 is assigned to an ice-like component with tetrahedral 

structure and the band around 3420 cm−1 is assigned to an ice-like liquid component. The 

bands at 3550 and 3620 cm−1 are attributed to the OH asymmetric stretching vibrational 

modes of a liquid like amorphous phase where OH is hydrogen bonded and of free OH group 

(monomer-like), respectively.  
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    In Fig. 3.8.1, a strong band centered at around 3552 cm−1 together with a small peak seen as 

a shoulder located at around 3422 cm−1 was observed for water concentration from 5-20%, 

indicating that the water molecules are mainly H-bonded to the TfO− anions. Cammarata et al. 

[133] also reported that water molecules in the ionic liquid rich regime preferentially interact 

with anions via anion…HOH…anion. The intensity of the peak at 3422 cm−1 increases with 

increasing water concentration. A new signal appears at around 3250 cm−1, if the water 

concentration is increased. The intensity of this signal increases the more water is added and 

becomes rather broad with a water content of 40-50%. In neat [EMIm]TfO (Fig. 3.8.1 bottom, 

black curve), the vibration bands are found between 3200 and 2800 cm−1, which are due to 

CH stretching vibration modes of imidazolium cations as will be further discussed below. 

Those signals become weaker with increasing water concentration and bulk behavior of water 

with little [EMIm]TfO signal is observed at water concentration of 50%. The results indicated 

that large water aggregates are the dominant component at water content of more than 50%, 

as the spectrum is close to the one of pure water. 

3.8.2 Raman spectroscopy of [EMIm]TfO and of 0.2 M Zn(TfO)2/[EMIm]TfO with 

different amounts of water between 2700 and 3300 cm−1 (CH stretching vibration)  

    Both the OH stretching vibration of water and the CH stretching vibration modes of 

imidazolium cations are found between 2700 and 3300 cm−1. Unfortunately, they overlap in 

FT-IR spectroscopy. Therefore Raman spectroscopy was used to investigate the structure 

change upon addition of water to [EMIm]TfO. The Raman spectra of [EMIm]TfO and of 0.2 

M Zn(TfO)2/[EMIm]TfO with different amounts of water in the CH stretching region are 

shown in Fig. 3.8.2 (a) and 3.8.2 (b), respectively. The peaks at low wavenumbers between 

2800 and 3050 cm−1 are attributed to CH stretching vibrations of the methyl and ethyl groups 

of the imidazolium cations. While the peaks at high wavenumbers between 3050 and 3200 

cm−1 are assigned to the CH stretching vibration of C(2)H, C(4)H, and C(5)H of the 

imidazolium cation [134, 135]. The Raman spectroscopy of 0.2 M 

Zn(TfO)2/[EMIm]TfO+water is almost the same both in peak positions and in peak intensities. 

There are only slightly changes in the CH stretching vibration of C(2)H, C(4)H, and C(5)H of 

the imidazolium cation, which will be further discussed in the following section. At first 

glance, the intensities of the peaks are reduced with the addition of water. The intensity of the 

band at 2970 cm−1 as a function of water concentration is plotted in Fig. 3.8.2 (c). 

Surprisingly, there is a sharp decrease in the intensity when the water concentration is 

increased from 40 to 50%. A similar behavior was observed by Jeon et al. [136] in 1-butyl-3-
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methylimidazolium tetrafluoroborate ([BMim]BF4)+H2O mixtures at water concentration of 

32 ± 2 (~ 55 v/v %) and of 45 ± 2 mol/L (~ 80 v/v %) studied by ATR-IR and Raman 

spectroscopy. For better comparison with literature, the composition of the mixtures described 

by different quantities is listed in Table 1.  

 

 

 

Fig. 3.8.2 Raman spectra of (a) [EMIm]TfO and of (b) 0.2 M Zn(TfO)2/[EMIm]TfO with 

different amounts of water in the CH stretching regime. (c) Raman intensity as a function of 

water concent. 
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Table 3.8.1. The concentration of water in [EMIm]TfO+water mixtures described by volume 

concentration, mole fraction, molar concentration and mass fraction, respectively. 

 

concentration Definition EMImTfO (IL)+water (w) mixtures 

Volume (%) Vw/VIL+w 5 10 20 30 40 50 80 

Mole (%) nw/nIL+w 35 54 72 81 87 91 97 

Molar (M) nw/VIL+w 2.8 5.5 11 17 22 28 44 

Mass (%) mw/mIL+w 3.7 7.4 15 23 32 42 74 

 

 The observed sharp decrease in the peak intensity in the Raman spectra is a hint for a 

structural change. It was also reported that the structure of triethylammonium methylsulfonate 

can change to solvent-separated ion pairs upon addition of four water molecules (80 mol%). 

The study comprised Far-IR measurements and DFT calculations [137]. Niazi et al. revealed 

that several ionic liquid water mixtures (1-butyl-3-methylimidazolium chloride, 1-ethyl-3-

methylimidazolium acetate and 1,3-dimethylimidazolium dimethylphosphate) turned out to be 

aqueous solutions at water concentrations beyond 75 mol% studied by molecular dynamics 

simulations [138]. Our experimental results indicated that 40% (v/v) which is equal to 22 

mol/L or 87 mol% of water (Table 3.8.1), is needed for such a structural transition. The 

intrinsic complexity of ionic liquids and their interaction with water molecules could 

influence the structural transition. When water is added, the interaction between the cations 

and anions get interrupted by association with water molecules. The anions can interact with 

water molecules first through H-bonding until they are surrounded by water molecules. 

Finally, water solvated ions of the former ionic liquid become the dominant species in bulk 

water. Raman and FT-IR results suggest that the structure transforms from ionic liquid-like to 

aqueous-like upon addition of water to [EMIm]TfO.  

3.8.3 FT-IR of neat [EMIm]TfO and of 0.2 M Zn(TfO)2/[EMIm]TfO between 2800 and 

3200 cm−1 (CH stretching vibrations)  

The FT-IR spectra of neat [EMIm]TfO and of 0.2 M Zn(TfO)2/[EMIm]TfO in the range of 

2800 to 3200 cm−1 are shown in Fig. 3.8.3. They have been deconvoluted into ten Gaussian 

bands, respectively. The bands in this range represent the CH stretching vibration modes of 

imidazolium cations [134, 135]. In neat [EMIm]TfO (Fig. 3.8.3 (a)), the peaks at low 

wavenumbers between 2800 and 3050 cm−1 are attributed to CH modes of the methyl and 

ethyl groups of the imidazolium cations. The two bands at high wavenumbers (around 3117 

and 3157 cm−1) are attributed to the CH stretching modes of C(2)H and of C(4,5)H on the 



 
 

78 
 

imidazolium ring, respectively. These assignments are consistent with that reported in 

literature [134, 135].  

 

 

Fig. 3.8.3 FT-IR spectra of (a) [EMIm]TfO and of (b) 0.2 M Zn(TfO)2/[EMIm]TfO between 

2800 and 3200 cm−1, respectively. The spectra are deconvoluted into ten Gaussian bands. (c) 

The relative ratios of the integral intensities of the deconvoluted peaks. 

 

    The two bands in the imidazolium ring have often been in the focus of research as they can 

be involved in hydrogen bonding through C(2)H…A or C(4,5)H…A (A: anion). The 

imidazolium cation can undergo ion clusters and ion pairs. Their corresponding vibrational 

bands overlap and, therefore, they must be deconvoluted. Deconvoluted bands are found at 

3088 (pink peak), 3117 (green peak), 3157 (blue peak) and 3190 cm−1 (orange peak), 

respectively. The two bands at 3088 and 3157 cm−1 can be attributed to the C(2)H and 
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C(4,5)H stretching vibration in ion pairs, respectively while the peaks at 3117 and 3190 cm−1 

are assigned to C(2)H and C(4,5)H stretching vibration in larger hydrogen-bond networks, 

respectively. These bands are very sensitive to environmental changes of the ionic liquid. For 

example, Köddermann et al. [134] revealed that the C(2)H and C(4,5)H vibrational bands of 

hydrogen-bond networks decrease with increasing temperature, whereas those attributed to 

ion pairs continuously increase. Zheng et al. [135] reported that the number of ion clusters 

decrease and the number of ion pairs increase by addition of acetonitrile to the ionic liquid 

[BMIm]BF4. Upon addition of the zinc salt to the ionic liquid in our case, the intensities of 

these peaks change a bit as shown in Fig. 3.8.3 (b). The relative ratios of the integral 

intensities of the deconvoluted peaks in 0.2 M Zn(TfO)2/[EMIm]TfO to those in [EMIm]TfO 

are shown in Fig. 3.8.3 (c). The ratios of the CH stretching vibrations of the methyl and ethyl 

groups are nearly constant and are located in the range of the gray bar shown in Fig. 3.8.3 (c). 

However, the relative ratio of the C(2)H and C(4,5)H vibrational modes of hydrogen-bond 

networks is increased (above the gray bar) while the relative ratio of the C(2)H and C(4,5)H 

vibrational modes of ion pairs is decreased (below the gray bar). This indicates that the 

hydrogen-bond network is favored and the contribution of ion pairs decreases upon addition 

of the zinc salts. This is consistent with the increase in the viscosity and the decrease in the 

conductivity on addition of metal salts to ionic liquid electrolytes. Upon addition of zinc salts 

to the ionic liquid, zinc ions are solvated by the anions leading to zinc-ion complexes. The 

TfO− anions are less moveable compared to pure [EMIm]TfO, which leads to stronger 

hydrogen-bonding. The [EMIm]+ cations can also undergo a conformational change that 

favors hydrogen-bonding. It was reported that the ethyl group of [EMIm] + cation can rotate 

along the C-N bond, yielding non-planar and planar conformers [139]. 

3.8.4 Raman spectroscopy of [EMIm]TfO+water mixtures between 300 and 1300 cm−1 

(vibration modes of TfO− anion)  

The Raman spectra of [EMIm]TfO+water mixtures between 300 and 1300 cm−1 are shown 

in Fig. 3.8.4. The resulting vibrational bands of TfO− anions are assigned as follows: the 

asymmetric stretching νas(SO3), located at 1260 cm−1 in neat [EMIm]TfO is gradually red 

shifted to 1252 cm−1 with increasing water concentration. The symmetric stretching νs(SO3), 

the asymmetric stretching νas(CF3) and the symmetric stretching νs(CF3) modes are located at 

1034, 1173 and 1230 cm−1, respectively [140, 141]. They do not shift upon increasing water 

concentration. The symmetric deformation δs(CF3), the asymmetric deformation δas(CF3) and 

the symmetric stretching νs(C−S) modes are located at 757 cm−1, 573 cm−1 and 315 cm−1 , 
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respectively, and are gradually blue shifted to 765 cm−1, 577 cm−1 and 319 cm−1 with 

increasing water concentration. It was reported that the oxygen atoms of CF3SO3
− have larger 

negative charges than the fluorine atoms [142]. 

    Therefore, the more negatively charged oxygen atoms preferably associate with H2O 

through hydrogen bonding. The increase in the strength of the hydrogen bond SO3…H2O 

resulted in a shortening of the hydrogen bonds SO3…H2O and a lengthening of the covalent 

bonds S−O. The weaker force constants for the S−O bonds lead to lower wavenumbers and 

thus red shifted vibrational bands. However, due to the Coulomb forces and hydrogen 

bonding, the deformation mode of CF3 and stretching mode of C−S are blue shifted upon 

addition of water. These shifts clearly indicate the change of the coordination environment of 

the TfO− anions upon addition of water. The interaction strength between cation and anion 

upon addition of water is discussed in the following section.  

 

 

Fig. 3.8.4 Raman spectra of [EMIm]TfO and of [EMIm]TfO+water mixtures between 270 

and 1300 cm−1. 
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3.8.5 Cation-anion interaction of [EMIm]TfO+water mixtures between 30 and 300 cm−1 

investigated by far infrared spectroscopy 

    The FIR spectra of [EMIm]TfO+water mixtures in the range of 30-300 cm−1 are shown in 

Fig. 3.8.5. The vibrational bands centered at about 210 cm−1 are due to the rocking modes of 

CF3 (ρCF3) and they do not shift upon increasing water concentration.  

The research group of Ludwig has intensively investigated the cation-anion interaction of 

ionic liquids by FIR spectroscopy in combination with DFT calculations [137, 143-149]. The 

low frequency vibrational signals below 200 cm−1 are assigned to bending and stretching 

modes of the +C−H…A or +N−H…A (A: anion) describing the cation-anion interaction. 

Therefore, the vibrational band centered at around 88 cm−1 in neat [EMIm]TfO is assigned to 

the interaction between [EMIm]+ cations and TfO− anions. The intensities of those vibrational 

bands are gradually reduced and a red shift of the frequencies is observed for water content 

from 5-20%, suggesting that the interaction between cations and anions, as a consequence of 

the association with water molecules, gets weaker. The peak is no longer assignable at a water 

content of more than 30% as the anions are fully surrounded by water molecules.  

 

 

 

Fig. 3.8.5 FIR spectra of [EMIm]TfO and of [EMIm]TfO+water mixtures between 30 and 

300 cm−1. The bands below 200 cm−1 indicate the cation-anion interaction. 
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3.8.6 The solvation of Zn ions in neat [EMIm]TfO and in [EMIm]TfO+water mixtures  

    Some vibrational modes are known to be very sensitive to the coordination environment in 

ionic liquid solutions, such as bis(trifluoromethylsulfonyl)amide (TFSA) [150-152] and 

trifluoromethylsulfonate (TfO−) [140, 153]. It was reported that the frequency of “free” TFSA 

anions located at about 742 cm−1 (δs(CF3))
 in Raman spectra shifted to 748 cm−1 when it was 

coordinated with Li+ [151]. In “free” TfO− anions, the comparable frequency was located at 

about 757 cm−1 (δs(CF3))
 and shifted to 766 cm−1 when triflic acid was added to the solution 

[153]. The Raman spectra of [EMIm]TfO and of 0.2 M Zn(TfO)2/[EMIm]TfO between 740 

and 780 cm−1 are presented in Fig. 3.8.6 (a). The local environment of the TfO− anions in 

[EMIm]TfO and in 0.2 M Zn(TfO)2/[EMIm]TfO electrolytes was investigated by monitoring 

the CF3 symmetric deformation, δs(CF3), of which the vibrational mode was located at 757 

cm−1. When zinc salt is added to the solution, a new signal appears between ~762 and 772 

cm−1 which is associated with Zn2+ coordinated TfO−. The spectrum can be deconvoluted into 

two peaks and the results are shown in Fig. 3.8.7. The peak for Zn2+ coordinated TfO− is 

centered at 766 cm−1. The average number of TfO− coordinated to each Zn2+ ions can be 

calculated according to the Raman peak areas, as described in literature [151]. 

 

𝑁 =

𝐴𝑐𝑜
(𝐴𝑐𝑜 + 𝐴𝑓𝑟𝑒𝑒)⁄

𝑛𝑍𝑛
𝑛𝑡𝑜𝑡𝑎𝑙 𝑇𝑓𝑂−⁄

 

where Aco and Afree are the peak areas of the coordinated and of the free TfO− at 766 and 757 

cm−1, respectively. nZn
 is the mole concentration of Zn(TfO)2 (0.2 M) and ntotal TfO- is the total 

mole concentration of TfO−, which is equal to nIL (at room temperature nIL = 5.33 M) + 2 × 

nZn (0.4 M). 

The calculated average number of TfO− coordinated to each Zn2+ ions is 3.8, which 

indicates that Zn2+ ions coordinates four TfO− ions. It is likely that [Zn(TfO)4]
2− complexes 

together with [Zn(TfO)3]
− complexes are present in the solution. However, in the presence of 

water, taken 5% water as an example, as shown in Fig. 3.8.6 (b), only one peak at 759 cm−1 

was observed, which shows in direct comparison the change of the coordination environment 

of Zn2+. In ionic liquid+water mixtures, Zn2+ ions are obviously mainly associated with water 

forming aqueous complexes of the type [Zn(H2O)n]
2+ with n = 1-6 [103]. The presence of 

smaller sized complexes [Zn(H2O)n]
2+ is one of the factors that accounts for the increased 

conductivity and decreased viscosity of water containing ionic liquid electrolytes. Therefore, 
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the electrochemical performance of ionic liquid+water mixtures, as electrolytes for 

electrodeposition of zinc, was largely improved as shown in a previous report [120]. 

 

 

 

Fig. 3.8.6 Raman spectra of [EMIm]TfO and of 0.2 M Zn(TfO)2/[EMIm]TfO (a) between 740 

and 780 cm−1 and their mixtures with 5% water (b), respectively. 

 

 

 

 

Fig. 3.8.7 Raman spectra of 0.2 M Zn(TfO)2/[EMIm]TfO between 740 and 780 cm−1. The 

spectrum was deconvoluted into two bands. The band at 757 cm−1 is attributed to free TfO− 

anions and the band at 766 cm−1 is assigned to coordinated TfO− anions. 
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3.8.7 Polarities of [EMIm]TfO+water mixtures  

    Upon addition of 10% water (corresponding to a roughly 1 ([EMIm]TfO) : 1 (H2O) in 

molar ratio) to 0.2 M Zn(TfO)2/[EMIm]TfO solutions, a precipitate can be found on the 

bottom of the beaker. This process is very slow and it can take one week or even more. We 

found a similar phenomenon upon dissolving copper triflate, tin triflate and nickel triflate 

(TfO) in [EMIm]TfO, respectively, followed by addition of 10% water. Photos of the 

precipitates are shown in Fig. 3.8.8. The Zn precipitate was isolated and analyzed by XRD, 

XPS and EDX. The XRD result gave no peaks, showing that the isolated precipitate is 

amorphous. Both the XPS and EDX confirmed that the obtained precipitate contains Zn, S, F, 

and O. The precipitate is hydrated Zn(TfO)2. In neat [EMIm]TfO, the [EMIm]+ cations are 

hydrogen bonded to the TfO− anions through C(2)H…A and/or C(4,5)H…A (A: anion). The 

presence of water disturbs the hydrogen bond network of the ionic liquid, affecting the 

polarity of the solution. We did not observe this precipitation at water contents below or 

above 10%. Only in close proximity (10 v/v% - roughly 1: 1 in molar ratio of the ionic liquid 

to water), the dissolved Zn salts are precipitated. Both the ionic liquid [EMIm]TfO and water 

are good solvents for Zn(TfO)2. Without a detailed analysis of the precipitate we can not 

speculate on its composition, but, obviously, with this composition the polarity of the 

IL+water mixture is disturbed such that the Zn salt precipitates. Such polarizing/depolarizing 

effects in ionic liquid+water mixtures based on calculations were reported in literature [154-

156]. They all reveal that water molecules get depolarized by the ionic liquid in mixtures of 1-

ethyl-3-methylimidazolium acetate with water [154], mono-methylammonium nitrate with 

water [155] and 1-ethyl-3-methylimidazolium chloride with water [156], respectively. The 

study of interactions between [EMIm]TfO, water and dissolved salts is crucial not only for a 

fundamental understanding of the structure and physicochemical properties of the mixtures, 

but also for a practical use of the mixtures. 

 

Fig. 3.8.8 Photos of the solutions of 0.2 M Zn(TfO)2/[EMIm]TfO+10% water, 0.2 M 

Cu(TfO)2/[EMIm]TfO+10% water, saturated Ni(TfO)2/[EMIm]TfO+10% water and 

saturated Sn(TfO)2/[EMIm]TfO+10% water.  
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3.8.8 The interaction of [EMIm]+ and [Py1,4]+ cations with TfO− anions in comparison  

The FIR spectra of [EMIm]TfO and of [Py1,4]TfO between 30 and 300 cm−1 are shown in 

Fig. 3.8.9. The vibrational bands at about 210 cm−1 are due to the rocking modes of CF3 

(ρCF3) and only slightly shifted by ~ 1 cm−1. The signals around 240-250 cm−1, which only 

appeared in [EMIm]TfO, can be assigned to the out-of-plane bending mode of the CH3-(N) 

methyl group in the imidazolium cation. The low frequency vibrational bands below 200 cm−1 

are assigned to the cation-anion interaction. The peak is located at around 88 cm−1 in 

[EMIm]TfO and red shifted to 76 cm−1 in [Py1,4]TfO. The results suggest that [EMIm]+ has 

stronger hydrogen bonds to TfO− anions than [Py1,4]
+ and the strength of the interaction 

between [Py1,4]
+ and TfO− is weaker in comparison. The difference in the interaction between 

cations and anions should also result in a different solvation of zinc ions.  

 

3.8.9 The solvation of zinc ions in [Py1,4]TfO 

    Raman spectra of [Py1,4]TfO with different amounts of Zn(TfO)2 between 740 and 780 

cm−1 are shown in Fig. 3.8.10. The average number of TfO− coordinated to each Zn2+ ions as 

calculated above is 4.5 in [Py1,4]TfO. The results suggest that in comparison to [EMIm]TfO 

more TfO− anions are associated to Zn2+. The difference can be attributed to the different 

cation-anion interactions occurring in these two ionic liquids. The weaker hydrogen bond 

between [Py1,4]
+ and TfO− seems to lead to an enhanced association of TfO− anions with zinc 

ions. The species present in [EMIm]TfO are [Zn(TfO)4]
2− and [Zn(TfO)3]

−, while a mixture of 

[Zn(TfO)4]
2− and [Zn(TfO)5]

3− is present in [Py1,4]TfO. The difference of zinc species present 

in the two ionic liquids may also account for their different electrochemical performance and 

morphology of zinc deposits. The deposition of zinc from [Py1,4]TfO needs larger 

overpotentials than that one from [EMIm]TfO and nanocrystalline zinc is obtained from 

[Py1,4]TfO while microstructured zinc is obtained from [EMIm]TfO, which also has to do 

with interfacial reactions.  
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Fig. 3.8.9 FIR spectra of [EMIm]TfO and of [Py1,4]TfO between 30 and 300 cm−1. 

 

 

Fig. 3.8.10 Raman spectra of [Py1,4]TfO with different amounts of Zn(TfO)2 between 740 and 

780 cm−1. 

 

3.8.10 Conclusions 

The bulk coordination of [EMIm]TfO, [EMIm]TfO+water mixtures and the solvation of 

zinc ions were investigated by FT-IR and Raman spectroscopy. In neat [EMIm]TfO, 

imidazolium cations and TfO− anions are hydrogen bonded through C(2)…H and/or 

C(4,5)…H. If water is added, the bulk interaction networks between cations and anions are 

interrupted by association with water molecules and the structure is changed from ionic liquid 

like to aqueous like, the more water is added. 

The solvation of Zn ions in ionic liquid and in ionic liquid+water mixtures was investigated 

by Raman spectroscopy. The vibrational band at 757 cm−1 is a probe for “free” TfO− anions. 

Upon addition of Zn salts, a new band appears at 766 cm−1 in the case of [EMIm]TfO which is 
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assigned to Zn coordinated TfO−. The average number of coordinated TfO− per Zn2+ cation (n) 

is estimated to be 3.8, which indicates [Zn(TfO)4]
2− and [Zn(TfO)3]

−. However, in the 

presence of water, only one peak is observed at 759 cm−1, indicating that the Zn speciation is 

different, presumably Zn2+ ions are mainly associated with water. In [Py1,4]TfO, the average 

coordination number is 4.5. The species present in [Py1,4]TfO are likely a mixture of 

[Zn(TfO)4]
2− and [Zn(TfO)5]

3−. 
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4. Summary 

In the present thesis the electrodeposition of Zn films from ionic liquids and ionic 

liquid+water mixtures was studied. The effect of an additive on the Zn deposition was also 

investigated. Macroporous structured zinc and free standing zinc nanowires were synthesized. 

In addition, Cu-Zn and Zn-Sn films and free standing nanowires were synthesized. Zn 

electrodeposition in the under- and overpotential regime was investigated by means of in situ 

Scanning Tunneling Microscopy (STM). The solvation properties of Zn2+ in the ionic liquids 

and ionic liquid+water mixtures were investigated by Raman and FTIR spectroscopy. Finally, 

the deposition/stripping cycling behavior of Zn in ionic liquid polymer gel electrolytes were 

examined. 

 

The essential results of the present study can be summarized as follows: 

 The electrodeposition of zinc films from 1-butyl-1-methylpyrrolidinium 

trifluoromethylsulfonate, [Py1,4]TfO, and 1-ethyl-3-methylimidazolium 

trifluoromethylsulfonate, [EMIm]TfO, was studied. Nanocrystalline Zn deposits can 

be obtained in [Py1,4]TfO, while microcrystalline Zn deposits were obtained from 

[EMIm]TfO. The addition of water has a great influence on the electrochemical 

behavior of Zn and the resultant morphologies of the Zn deposits. The additive 1,2-

dimethyl-3-(trifluoromethyl)-1H-pyrazol-2-ium trifluoromethylsulfonate, can be 

strongly absorbed on the electrode surface and inhibit the Zn deposition, resulting in 

nanocrystalline Zn deposits. 

 

 Highly ordered two- or three-dimensional macroporous zinc films were made by 

electrodeposition from the ionic liquid [Py1,4]TfO using polystyrene (PS) spheres as 

templates. The obtained macroporous films showed diffractive light when illuminated 

with white light. Vertically aligned arrays of zinc nanowires were synthesized by 

electrochemical deposition into ion track-etched polycarbonate membranes in the ionic 

liquid [EMIm]TfO. These nanostructured zinc materials might be potential anode 

candidates for future generation lithium ion batteries or Zn based batteries. 

 

 

 The initial stages of Zn electrodeposition in the underpotential (UPD) and 

overpotential (OPD) deposition regimes were investigated by in situ STM. First, 
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monoatomically high Zn islands grow on the Au(1 1 1) surface to form a thin Zn layer 

in the UPD regime. Upon further reducing of the potential, bulk Zn deposition sets in 

and a 3D layer is obtained. Furthermore, in situ STM images reveal evidence of Au-

Zn surface alloying after dissolution of the deposited Zn. The study also shows that the 

gold surface gets somehow activated by electrodeposition and stripping of zinc. 

 

 An ionic liquid-based polymer gel electrolyte is prepared by combining the ionic 

liquid [Py1,4]TfO with Zn(TfO)2 and poly(vinylidene fluoride-co-

hexafluoropropylene)(PVdF-HFP). The ionic liquid polymer gel electrolyte exhibits 

good conductivity (2.2 mS cm−1) and good mechanical stability. The gel electrolyte 

exhibits a promising electrochemical stability and allows a quasi-reversible zinc 

deposition/stripping. The morphology of the zinc deposits after 10 cycles of zinc 

deposition/stripping is compact and dense, and deposits without any dendrite 

formation can be obtained. The quasi-reversibility of the electrochemical 

deposition/stripping of zinc in the ionic liquid polymer gel electrolyte is of interest for 

rechargeable zinc-based batteries. 

 

 The interactions between the ionic liquid [EMIm]TfO and water, and the solvation 

structure of zinc in the ionic liquid (IL) and IL+water mixtures were studied by FTIR 

and Raman spectroscopy. The strong hydrogen bonding network between cations and 

anions present in the IL was modified and largely disturbed by addition of water. The 

structure and physicochemical properties of the [EMIm]TfO+water mixtures was 

strongly dependent on the interactions between cations, anions and water. The Zn2+ 

coordinated environment was changed in the presence of water. Zn2+ cations are more 

likely to associate with water molecular rather than with TfO−. A comparative study of 

imidazolium and pyrrolidinium cation-anion interactions shows that the cation-anion 

interaction strength in [EMIm]TfO ionic liquid is stronger than that in [Py1,4]TfO ionic 

liquid, which results in different physical properties of the two ionic liquids (melting 

point and viscosity) and coordination environments of the Zn2+. 
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5 Outlook  

This thesis has presented some fundamental information on the electrodeposition of zinc from 

ionic liquids. However, there are still some issues to be addressed in order to fully understand 

the systems for energy storage applications. 

First, the zinc electrodeposition from the ionic liquids solution requires a large overpotential 

to drive the nucleation process. Although increasing the temperature of the system can 

significantly increase the diffusion behavior of Zn2+ and reduce the overpotential, the 

development of new electrolytes with better diffusion properties and lower overpotential will 

improve the performance of the electrolyte system for rechargeable zinc based battery 

applications. 

Secondly, it has been shown in this study that additives have a strong effect on the 

electrodeposition of zinc. However, the role of additives on the deposition behavior from 

ionic liquid electrolytes is still unknown. The additive can absorb on the electrode surface or 

form complexes with the metal species. As the ionic liquid can also adsorb on the electrode 

surface, the in situ STM images cannot distinguish them from each other easily. More efforts 

are required to understand the role of various additives or impurities on the deposition of 

metals. 

Finally, it was found that pyrrolidinium ions rather lead to nanocrystalline zinc deposits, 

whereas imidazolium ions rather lead to microcrystalline zinc deposits. Such morphology can 

be caused by ionic liquid solvation layers adsorb on the electrode surface. While the FTIR and 

Raman spectroscopy results revealed that the interaction between cations and anions are 

different, resulting in different zinc solvation structure in the ionic liquids. Understanding the 

relationship between the metal speciation, the interaction between cations and anions, 

electrodeposition mechanism and deposit morphology is critical for designing proper ionic 

liquids in better applications. 
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List of abbreviations 

[EMIm]
+
               1-ethyl-3-methylimidazolium cation 

[Py1,4]
+
                  1-butyl-1-methylpyrrolidinium cation 

CV                         Cyclic voltammetry 

DCA−                     Dicyanamide anion 

FIR                         Far infrared spectroscopy 

FT-IR                     Fourier Transform infrared spectroscopy 

IL                           Ionic liquid 

NaCN                     Sodium cyanide 

NHE                       Normal Hydrogen Electrode 

NTf2
− 

                                Bis(trifluoromethylsulfonyl)imid anion 

OCP                      Open cycle potential 

OER                       Oxygen evolution reaction  

ORR                       Oxygen reduction reaction  

PC                          Polycarbonate  

PEDOT                  Poly(3,4-ethylenedioxythiophene) 

PPP                         Poly(para-phenylene) 

PS                           Polystyrene sphere 

PVdF-HFP             Poly(vinylidenefluoride-hexafluoropropylene)  

RE                          Reference electrode 

SEM                           Scanning electron microscopy  

STM                       Scanning tunneling microscopy 

TfO−                       Trifluoromethylsulfonate anion 
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