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ABSTRACT 

A study on carbon paste electrode (CPE) materials containing 1-methyl-3-octylimidazolium 

bis(trifluoromethylsulfonyl) imide [MOIM[Tƒ2N] – a hydrophobic room temperature ionic 

liquid (IL) - is  reported. CPEs with (a) the IL as the only binder (ILCPE) and (b) 1:1 (v/v) 

IL: paraffin mixture as the binder (ILPCPE) were prepared, characterized, and applied to the 

electrodeposition of films of multivalent transition metal oxides (MV-TMO) from five 

precursor ions (Fe
2+

, Mn
2+

, Cu
2+

, Co
2+

, Ce
4+

) in aq. KCl. Cyclic voltammetry (CV) showed a 

potential window of +1.5 V to -1.8 V regardless of the electrode type, including the 

traditional paraffin CP electrode (PCPE). However, the IL increased the background current 

by 100-folds relative to paraffin. The electrochemical impedance spectroscopy (EIS) of 

ILPCPE in aq. KCl (0.1M) revealed two phase angle maxima in contrast with the single 

maxima for PCPE and ILCP. The study also included the CV and EIS investigation of the 

electrode kinetics of the Fe(CN)6
3-/4

 redox system at these electrodes. The electrodeposition 

of Fe
2+

, Co
2+

, and Mn
2+

 possibly in the form of the MV-TMOs FexOy, CoxOy, and MnxOy, 

respectively, onto the electrodes was confirmed by the observation of new and stable cathodic 

and anodic peaks in a fresh precursor ion –free medium. CVs of H2O2 as a redox probe 

supported the same conclusions. Both ATR-FTIR spectra and SEM image of surface samples 

confirmed the formation of electrodeposited films. This study demonstrated that the use of 

this hydrophobic IL alone or in combination with paraffin as a binder gives viable alternative 

CPE materials with better performance for the electrodeposition of MV-TMOs films than the 

paraffin CPE. Thus, in combination with the easy preparation methods and physical 

“morpheability” in to any shape, these CPEs are potentially more useful in electrochemical 

technologies based on high surface-area MV-TMO films in general, and MnxOy films in 

particular. 
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1. INTRODUCTION 

Room temperature ionic liquids (RTILs or ILs), generally touted as environmentally green 

solvents, have been acknowledged to possess good chemical and thermal stability, excellent 

conductivity, and show good solvation of inorganic and organic substances [1]. In this 

dissertation, the author is interested in the application of RTILs as binders in carbon paste 

electrodes (CPEs) and electrodeposition of transition metal oxide (TMO) films. Transition 

metal oxides possess easily tune-able structure-property relationships and show high 

thermodynamic stability under ordinary conditions as may be learnt from their roles in metal-

surface passivity [2]. These properties make them suitable for multifunctional component 

applications in chemical sensors, biosensors, and other technological devices [3, 4].  

Most previous studies were made with solid electrodes (mostly – glassy carbon electrodes), 

which were film modified with TMOs or screen printed carbon electrodes (SPCEs) and 

normal CPEs bulk-modified with TMOs. Some reports with ILs as binders in CPEs are also 

available. Current work deals with the effect of incorporating the hydrophobic IL 1-methyl-3-

octylimmidazolium bis(trifluoromethyl)sulfonyl imide into a CPE on electrode properties, 

electrochemistry of redox probes (Fe(CN)6
3-/4-

, H2O2), electrodeposition of TMO oxide films 

from aqueous solutions of  Fe
2+

, Mn
2+

, Co
2+

, Cu
2+

, and Ce
2+ 

ions study of the 

electrochemistry. In addition to the ease of their bulk-modification, working with CPEs is 

convenient as their surfaces can be renewed by simple single-step polishing on an ordinary 

filter paper [5, 6].  

This dissertation is presented in seven sections including the introduction. Section 2, a brief 

account of literature on CPEs, TMO – modified CPEs, and RTILs are given. Section 3 briefly 

describes the principles of selected analytical techniques. Section 4 is the experimental part. 
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Section 5 is on results and discussion. Section 6 presents conclusions. Section 7 is the 

Bibliography. 
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2. LITERATURE 

2.1 Carbon Paste Electrodes (CPEs) 

CPEs are electrode materials with a wide range of promising electrochemical applications [7, 

8]. Adams [2009] was the first to issue a report in which he introduced this kind of electrode, 

originally designed as an alternative to the dropping mercury electrode and primarily focused 

on the characterization of CPEs with respect to their applicability in anodic and cathodic 

voltammetry [9]. Even though the dynamic renewable concept was unsuccessful, it turned out 

that the material with paste-like consistency could be practically employed in voltammetric 

analysis [10]. CPE made from carbon particles and inorganic liquid comprising numerous test 

measurements and has been the most popular electrode materials used in the laboratory 

preparations of different electrodes, sensors and detectors [11]. CPEs, the most common 

representative of heterogeneous carbon materials, have been used as electrochemical sensors 

and biosensors because they are available in different forms, low cost, wide potential 

window, low background current, chemically inertness, ease of chemical derivatisation and 

modifications and their suitability for various applications [1]. However, CPEs also exhibit 

weaker fabrication reproducibility and mechanical stability comparing with the bare solid 

electrodes, which greatly limit the practical utility for enzymatic assays and probes [12]. 

Heterogeneous electrodes in general are electrochemical sensors composed not only of one 

uniform substance, but also consist of electrically conductive embedded material. CPEs are 

an example of the more general class of the composite electrodes, in which chemically useful 

functionalities can be introduced during physical mixing of graphite and pasting liquids. The 

lifetime of carbon paste electrodes is closely connected to the quality of the binder and 

sometimes to the carbon-to-pasting liquid ratio.  
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These electrodes are classified as bare or unmodified carbon electrodes. Other carbonaceous 

materials aside from carbon are used on rare occasions, such as charcoal, soot [13], carbon 

microspheres and foam [11], carbon nanotubes [14], and even powdered diamonds [15]. 

Paste electrodes contain a liquid binder, which is usually an electric insulator, such as 

paraffin oil, silicone oil, bromonaphthalene, and esters such as organophosphates and 

phthalates.  

For special studies electrolytic components may also be used [16, 17]. As a matter of fact, 

paste-like materials are exclusively used as bulk electrodes. The ratio of liquid binder to 

particulate matter may vary from 0.3 ml per gram for dry to over 1 ml per g for wet pastes. 

The material may be put into simple holders, cut-off pipette tips, or piston-driven devices. 

The nature and behavior of common carbon pastes can be portrayed by means of the 

following physico-chemical characteristics: 

     Heterogeneity (composite character) 

     Lipophility (hydrophobicity) 

     Low ohmic resistance (high conductivity) 

     Instability in non-aqueous solutions (disintegration)  

     Ageing effects (limited life-time)  

These properties are closely connected with a specific microstructure of carbon pastes. 

Recently, some newly made real images of the carbon paste microstructure have been 

presented based on scanning electron- and optical microscopic observations [18]. The images 

have confirmed the conclusion of the previous studies that carbon pastes represent mixtures 

with rather unconsolidated structure where the graphite particles are practically covered with 
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a very thin film of the binder. Nevertheless, the individual graphite particles are apparently in 

some physical contact beneath the binder layer, which may explain a very low ohmic 

resistance of most carbon pastes (varying in ohms, max. in tens of ohms). Alternative 

interpretation of their surprisingly high conductivity can be due to a “tunnel effect” similar to 

that known for semiconductors. 

 

Figure 1: Microscopic model of plain  CPE surface [17].  

Amongst different carbon-based electrodes available for the development of electrochemical 

sensors and biosensors, CPEs because they are renewable, versatile, controlled bulk 

modification, easily fabricated, low background and a renewable surface, the CPE has been 

widely applied in the electro-analytical community [1, 17]. Therefore, the CPE can provide a 

suitable electrode substrate for preparation of modified electrodes. However, the electron 

transfer rates observed at carbon surfaces are often slower than those observed on noble metal 

electrodes. Electron transfer reactivity is strongly affected by the origin and history of the 

carbon surface. These electrodes are represented by carbon paste which is done by mixing 

graphite powder and paraffin oil (binder) and packed into a hydrophobic plastic tube-tip with 
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an electrical contact. Generally, the organic liquid as binder component of the pastes is a non-

conductive mineral oil, such as Nujol®, paraffin or alike. This non-conductive viscous liquid 

is always favored in the process of fabricating the traditional CPE because it is chemically 

inert and has a good adhesive ability [19]. Figure 1 illustrates an artist’s view of the 

microscopic structure of a carbon paste electrode. 

The choice of carbon paste components, their quality and mutual ratio in the mixture as well 

as the way of preparation of carbon pastes and their most favorable homogenization 

determine the performance of a CPE. Due to a number of advantageous properties and 

characteristics, these electrodes are still popular and are mainly used in voltammetric 

measurements and have been the most commonly studied or used electrodes in the 

development of chemical sensors obtainable at a very low cost; however, carbon paste-based 

sensors can also be applied in amperometry [20], coulometry [21], and potentiometry [22]. 

These electrodes can be highly selective for both organic and inorganic. Carbon Paste 

electrodes (CPEs) can also display some disadvantages by reproducing a weaker fabrication 

and mechanical stability compared to solid electrodes [5] and also the success in working 

with carbon paste-base electrodes depends very significantly upon experimental experience 

of the user. Electrochemical properties of different types of CPEs can be predicted only 

approximately and their more detailed characterization needs appropriate testing 

measurements [22]. 

Physico-chemical properties of carbon pastes are always mirrored in the overall 

electrochemical behavior of CPEs, which results in some special features and benefits, such 

as, very low background currents  (favorable signal-to-noise ratio), individual polarisability  

(with variable potential window),  specific reaction kinetics  (affected by both carbon paste 

constituents),  electrode activity at the carbon paste surface as well as in the carbon paste 
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bulk, variability in utilizing  various interactions and their synergistic effects at both CPEs 

and chemically modified carbon paste electrodes, CMCPE (electrolysis, catalysis, adsorption, 

extraction, ion-pairing, and their combination) and various alternative procedures for pre-

treating, conditioning and regenerating the electrode surface and carbon paste [23]. CPEs also 

exhibit several disadvantages such as relative weaker fabrication reproducibility and 

mechanical stability comparing with the bare solid electrodes, which greatly limit the 

practical utility of enzymatic assays and probes [24]. 

2.2 Multivalent Metal Oxide – Modified CPEs 

Multivalent metal oxides are interesting materials because of the wide spectrum of structure 

properties they exhibit and they are thermodynamically stable, are easily and economically 

available [17, 22, 25]. Metal oxides have attracted attention of researchers due to their 

optical, electrical, magnetic, mechanical and catalytic properties, which makes them useful in 

technology [26] and development of electrochemical [3, 27].  Brief background information 

on iron oxide and manganese oxide is given below. The literature on iron oxide was largely 

based on an unpublished manuscript by Waryo et al. [28]. 

As the chemistry of iron oxides is rather diverse, most of the following discussions focus only 

on Fe3O4 with an objective to provide a background for its potential electrocatalytic 

applications. Some topics are based on online knowledge/ information sources [29].  

Especially the web site sustained by Grygar [2002] and generally dedicated to 

electrochemistry of metal oxides and hydroxides in aqueous environment provides a critical 

review (until April 2002) of descriptive stuff worth reading before embarking on an electro-

analytical study connected with these substances. Fe3O4 (CAS # 1309-38-2) is known by 

several synonyms like magnetite, black iron oxide, magnetic iron ore, lodestone, ferro ferrite, 
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or ferrous ferric oxide. It is the earliest discovered magnet (~1500 B.C.) and one of the most 

abundant transition metal oxides [30]. 

The crystal structure of magnetite, denoted as Fe
3+

[Fe
2+

Fe
3+

]O4, is an inverse spinel type in 

which the Fe
2+

 ions go into octahedral sites displacing half the Fe3+ ions into the tetrahedral 

positions [31]. This arrangement causes a transfer of electrons between the different irons in a 

structured path or vector. This electric vector generates a magnetic field. The stacking of Fe 

and O ion layers with opposite charges also gives rise to a large dipole moment perpendicular 

to the surface. Fe3O4 is also described as a half-metal: only electrons of one spin direction are 

responsible for its metallic conductivity; those of opposite spin are insulating [32]. Magnetite 

is an important ore of iron with applications which include magnetic properties, pigment, 

magnetic inks, light metals casting, heat storage, functional polymer filler, media recording, 

ballast, brick/ refractory, catalysts, cement, ceramic, coal, coloring, radiation shielding, 

smelting, and water treatment to mention a few. Thus synthesis and production of magnetite 

is of wide commercial and scientific interest. 

Chemical methods for bulk synthesis of magnetite include co-precipitation of both iron (II) 

and iron (III) salts in alkaline aqueous solution, oxidation of iron(II)-hydroxide with alkaline 

nitrate or oxygen, or reduction, at high temperature, of g-Fe2O3 by means of a CO/CO2 or a 

hydrogen gas flow, hydrothermally from (NH4)2SO4.FeSO4.6H2O in the presence of 

hydrazine [33-35]. Recently, “mechanochemical” redox process of producing magnetite was 

proposed in which g-Fe3O4 powder is synthesized by simple planetary milling of a mixture of 

metallic Fe and FeO(OH) (1:2) in H2O2 containing acetone [36]. An even totally dry method 

involves mechanical alloying in an inert atmosphere of a stoichiometric mixture of 

micrometric iron and hematite powders which would give nanocrystalline magnetite [37]. 
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However, in sensing applications, more interesting and fascinating are methods of synthesis 

suitable for in-situ deposition of magnetite and others.  

Unlike the other oxides of iron, magnetite lends itself to a direct study as a bulk electrode, 

yields several electrochemical reactions and is the best starting point to learn more about 

electrochemistry of Fe oxides [29]. The other polymorphs of iron oxide have much lower 

bulk electric conductivity than Fe3O4, and therefore need to be studied in carbon paste [38-

41] or by micro-particle voltammetry (abrasive stripping voltammetry) [42, 43]. Fe3O4 and 

different polymorphs of Fe2O3 and FeOOH behave electrochemically differently [44]. 

However, the phenomena of electro-reductive dissolution of Fe(III) oxides [29] and oxygen 

insertion into metal-substituted Fe-oxides (electrochemical solid-to-solid oxidation) [45] have 

been generally observed. The electrochemical properties of iron oxides are mainly controlled 

by two factors, viz., the phase composition and substitution of Fe by other metals [29]. The 

most important phases are Fe3O4, Fe2O3 (hematite and maghemite), FeOOH (goethite, 

lepidocrocite, and few others), spinels such as MeFe2O4, and perovskites such as SrFeO3. The 

most common metals substituting Fe are Al and Cr. The dissolution of magnetite was 

investigated using compact electrodes [46, 47]. The electrochemistry of magnetite involves 

reductive dissolution, reduction to metallic iron, hydrogen evolution, and the reduction of 

possible dissolved oxygen. The direct electrochemical oxidation or oxidative dissolution of 

bulk magnetite to ferric products is hardly possible [48]. The same is valid for spinels with 

Fe(II) [49] studied in carbon paste. Normal reductive dissolution proceeds in acidic solution 

and yields soluble ferrous ions:  

Fe3O4 + 2e
- 
+ 8H

+
  3Fe

2+
 + 4H2O        (1)  

This reaction is a sequence of three steps (equations 2 to 4): 1) redox reaction of Fe in the 

crystal lattice (electrochemical reaction); 2) conversion of Fe(II) in the lattice to Fe
2+ 

by 
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protonation and hydration (chemical reaction); and 3) detachment of Fe
2+

 and its transport 

through the diffuse layer around the oxide (Coulomb forces and transport mechanisms) [29]. 

While step 1 is rate determining at more positive potentials, step 3 is so at more negative 

potentials. 

Step 1: Fe
III

surface + e
-
 (+ H

+
)  Fe

II
surface      (2) 

Step 2: Fe
II

surface (+ H
+
)  Fe

2+
surface       (3) 

Step 3: Fe
2+

surface === Fe
2+ 

(aq)       (4) 

Fe3O4 is said to be good materials for data storage and transmission. Materials containing iron 

are widely used in various fields and their deterioration due to corrosion is a well-known 

problem. Depending on the species present in the medium a variety of corrosion products can 

be formed. The development of electrodes with a single iron corrosion product presents many 

advantages to carry out electrochemical studies [6]  

Magnetite has natural magnetic properties that provide a large number of uses in the industry. 

The quality of magnetite used has been particularly important to the magnetic recording 

industry. With the demand for smaller and lighter-weight magnetic recording devices, there 

has been an increasing need for recording media (such as magnetic recording tape and 

magnetic disks, for example) to have a higher recording density and sensitivity. In order to 

meet these demands, the magnetite particles produced would desirably have a smaller particle 

size with a higher coercive force [33].   

In the field of biotechnology and bio-analytical chemistry, manganese dioxide is an important 

functional material and has been used as a mediator to fabricate chemical sensors and 

biosensors [50]. Manganese dioxide (MnO2) has been proven to be an appropriate mediating 

or catalytic substance to lower the over-potential for H2O2 oxidation. Wang [2007] prepared a 
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GCE with a film of MnO2 deposited from MnCl2/NaOH solution and showed that it could be 

used in strongly alkaline solution [1]. Schachl's research group reported a CPE modified with 

commercially available manganese dioxide and used for H2O2 detection in connection flow-

injection analysis [50] and achieved a detection limit of 1.3 × 10
− 6

 M for H2O2 using a CPE 

modified by bulk MnO2 power [51]. In additional, they covered the electrode with a layer of 

glucose oxidase and measured glucose in beer and wine. Recently, the development of 

sensors and biosensors based on heterogeneous carbon electrodes modified with manganese 

dioxide has been reviewed by [52]. On the basis of the special reaction capability of MnO2 

nanoparticles with H2O2, a glucose biosensor has been fabricated by co immobilizing GOx 

and MnO2 nano-particles on the gate of an ion-sensitive field effect transistor. MnO2 nano-

particles have also been used to detect L-ascorbic acid with an ion-sensitive field effect 

transistor [53]. 

Manganese (Mn) is one of the few elements that humans and industries use on a daily basis. 

Mn ore is an important raw material for production of steel, ferromanganese, non-ferrous 

alloys, dry cell batteries, paints and other chemicals. The different needs of manganese have 

therefore caused a great deal of attention to be devoted to improve recovery from its ore and 

slags. Beneficiation of low-grade manganese ores is an area of hydrometallurgy that has been 

extensively studied. Manganese is an important metal in human life and industry. In recent 

years, the world manganese demand has been driven by towering steel production, 

particularly in China. Steelmaking, including its iron making component, has accounted for 

most of the world manganese consumption, presently in the range of 85% to 90% of the total 

demand [54] . It is an essential micronutrient for all organisms but at high concentrations can 

be toxic, contributing for example to the early development of Parkinson’s disease symptoms 

in susceptible people. Manganese toxicity is also a serious constraint to crop cultivation since 

manganese is taken-up by plants and can easily be passed into the food chain again causing 
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symptoms of Parkinson’s disease [55]. The biological importance of manganese has been 

well known for a long time. As a microelement of great relevance, it is responsible for a 

variety of cell activities, being intimately involved in certain biochemical pathways [56]. 

Manganese oxides are of considerable interest, and they have been widely used as catalyst, 

ion-exchanger, solid ionic conductor, and battery materials [57]. 

When carbon based electrode materials are used, cathodic stripping voltammetry is a 

sensitive and selective technique. Manganese can be oxidized on an electrode surface 

forming insoluble manganese (IV) dioxide according to the equation below:  

Mn
2+

 + 2H2O → MnO2 + 4H
+
 + 2e

− 
       (5)  

The biological importance of manganese has been well known for a long time. As a 

microelement of great relevance, it is responsible for a variety of cell activities being 

intimately involved in certain biochemical pathways. 

2.3 Room Temperature Ionic Liquids (RTILs) 

Room temperature ionic liquids (RTILs) are ionic compounds that consist of organic cations 

and different kinds of anions, which are liquid at room temperature. These are salts having 

low melting points so they can act as solvents in which reaction can be performed, since ionic 

liquids are made of ions rather than molecules such reactions give distinct selectivities and 

reactivity compared to organic solvents. RTILs have chemical properties such as high 

thermal stability, high ionic conductive, vapor pressure negligibility and as well having a 

wider electrochemical windows [58]. These ionic liquids have been proposed to be very 

interesting and efficient pasting binders in replacement of non-conductive organic binders for 

preparation of carbon ionic liquid electrodes (CILEs) [59].  
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Over a couple of years, a considerable number of studies have been made on the syntheses 

and application of room temperature ionic liquids (RTILs or  ILs), sometimes called room 

temperature molten salts in the liquid state [55, 60]. RTILs usually consist of an organic 

cation (such as N-alkyl-methylimidazolium, N-alkyl-methylpyridinium group, etc.) and 

inorganic anions (such as, halogen anion, tetrafluoroborate, hexafluorophosphate, etc.). A 

high degree of asymmetry in these organic salts frustrates the molecular packing thus 

inhibiting crystallization, and rendering a broad liquids temperature range [61]. Well known 

classes of cations and anions that form in ILs are summarized in Table 1. 

Table 1: Classes of ionic liquids [62]. 

Class name Cations  Anions Reference 

Imidazolium 
NN

R1R3

+

 

[Cl
-
], [Br

-
], [BF4

-
],[Tf2N

-
] 

 

[60, 63] 

Tertra alkylphosphoniun 

P

R1

R4

R2R3

+

 

[PF6
-
], [CF3SO3

-
], [61, 64] 

Pyridinium 

N

+

R1  

[NO3
-
], [AlCl4

-
] [65, 66] 

Quaternary ammonium 

N

R1

R4

R2R3

+

 

[AlBr4
-
], [(CF3SO2)2N

-
] [67, 68] 

RTILs have fascinating properties which makes them fundamental to chemist, such as non-

volatility, non-flammability, high ionic conductivity and wide liquid-state temperature range. 
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The chemistry is different and unpredictable at our current state of knowledge because both 

the thermodynamics and kinetics of reactions carried out in ionic liquids are different to those 

in the conventional molecular solvents [66]. ILs also have unique physical and chemical 

properties including ionic conductivity, amphiphilicity and catalytic functions. All these 

characteristics project ILs as a potential alternative medium for many organic reactions [68]. 

Interestingly, RTILs are also applied as safe electrolytes for electrochemical devices in this 

field in addition to the use as reaction media for organic syntheses [65]. 

The low melting point of ILs can be ascribed to the asymmetry in molecular structures, which 

largely lowers the packing efficiency and inhibits crystallization. Large sizes of anions can 

also contribute to the low melting point. The non-volatility and thermal stability of ILs result 

from the strong ionic interactions, hydrogen bonding, and sometimes relatively strong hetero-

carbon interactions [61]. The amphiphilicity of ILs originates from molecular structures 

typically consisting of two incompatible parts in one molecule, i.e. hydrophobic group and 

hydrophilic group. The amphiphilic property of an IL is endows it with low surface tension 

[69], self-aggregation behavior in water [70], and, for an ILs with long alkyl chains, the 

ability to form a liquid crystal phase. RTILs, generally touted as environmentally green 

solvents for the electro-deposition of metals, alloys and semiconductors, especially for very 

active elements because hydrogen evolution can be avoided and also been acknowledged to 

possess good chemical and thermal stability, excellent conductivity, and show good solvation 

of inorganic and organic [1, 71]. Due to the amphiphilic nature, IL molecules can self-

aggregate similarly to common ionic surfactants. Bowers [2004], reported the self-

aggregation behavior exhibited by the ILs in aqueous solutions by measuring surface tension, 

conductivity, and by small-angle neutron scattering (SANS). However, the information about 

the self-aggregation behavior of ILs in the presence of other organic solvents is still lacking. 

Ionic liquids are complex fluids compared to normal simple fluids, due to the strong 
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Coloumbic interactions and other intermolecular interactions. These interactions result in 

extended correlations in IL, as well as slower translational and rotational mobility [72]. The 

strong interactions, complicated structures, and low mobility may easily lead to a glassy state 

after the temperature is lowered. Due to the features mentioned above, ILs have found their 

applications in various types of organic reactions as catalysts, for example, Diels-Alder 

reaction [73], Friedel-Crafts reaction [74], and polymerization [4], etc. Other applications 

include nanostructured material fabrication [68], separation and extraction [63], 

biotechnology [75] and electrochemistry [76]. 

In some contexts, the term has been restricted to salts whose melting point is below some 

arbitrary temperature, such as 100 °C (212 °F). While ordinary liquids such as water and 

gasoline are predominantly made of electrically neutral molecules, ILs are largely made of 

ions and short-lived ion pairs. These substances are variously called liquid electrolytes, ionic 

melts, ionic fluids, fused salts, liquid salts, or ionic glasses. RTILs are novel solvents with 

favorable environmental and technical features. Synthetic routes to over 200 RTILs are 

known but for most ionic liquids physicochemical data are generally lacking or incomplete. 

Ionic liquids are simply liquids composed entirely of ions. They have garnered increasing 

interest in the last few years as novel solvents for synthesis, separations, electrochemistry and 

process chemistry [65, 77]. An important discipline of science that benefits from the use of 

RTILs is electrochemistry. From an electrochemical point of view, RTILs open a field of new 

solvents with high conductance (additives not needed) and an extended electrochemical 

window combined with high stability.  The most important reason is that ionic liquids 

negligible vapour pressure and hence they do not evaporate to environment [66].  This is 

because RTILs have a number of desirable characteristics, including negligible volatility, 

non-flammability, high thermal stability, low melting point, and controlled miscibility with 

organic compounds, especially some heterocyclic compounds. RTILs are non-symmetrical 
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and large organic cationic liquids of imidazolium, pyrrolidinium, fluorophosphate, 

fluoroborate, tosylate or glycolate origin. Most recently, it is found that the ionic liquids 

alkylimidazolium tetrafluoroborates were a kind of versatile lubricants for the contact of 

steel/steel, steel/aluminum, steel/copper, steel/SiO2, Si3N4/SiO2, steel/Si (100), steel/sialon 

ceramics, and Si3N4/sialon ceramics [78, 79]. McEwen et al. [61] found that 

alkylimidazolium-bis (trifluoromethylsulfonyl)-imide salts showed better thermal stability 

than alkylimidazolium tetrafluoroborate salts.  

Table 2: A summary of some physico-chemical properties of ionic liquids at 25
o
C 

Ionic Liquid  Density / g cm
-3

 Viscosity / cP Conductivity / mS cm
-1

 

[BMIM][BF4] 1.12 1.7 233 

[BMIM][PF6] 1.368 450 N/A 

[BMIM][Tf2N] 1.436 52 N/A 

[BMIM] I 1.44 110 N/A 

[BMIM][TfO] 1.29 90 3.7 

[BMIM][CF3CO2H] 1.21 73 3.2 

[OMIM][PF6] 1.237 682 N/A 

[EMIM][Tf2N] 1.519 28 N/A 

[EMIM][NMs2] 1.343 787 1.7 

[EM2IM][Tf2N] 1.51 88 3.2 

[OMIM][Tf2N] 1.320  N/A 

[OMIM]Cl 1.00 337 N/A 

Their physicochemical properties are the same as high temperature ionic liquids, but the 

practical aspects of their maintenance or handling are different enough to merit a distinction. 

These properties of ionic can be dramatically altered by impurities such as water, organic 
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solvents and chloride ions. Hence, precautions need to be taken when synthesizing ionic 

liquids to avoid such impurities. Physico-chemical properties and solvent properties for some 

ionic liquids are listed in Table 2. Room temperature ionic liquid of interest in the current 

study is 1-methyl-3-octylimidazolium bis(trifluoromethylsulfonyl) imide [MOIM][Tƒ2N] 

which is given in Figure 2. [MOIM][Tf2N] (see Figure 2) is a hydrophobic ionic liquid with a 

density of 1.33 g/mL and twice as viscous (90.80 mm
2
/s) as the mineral oil paraffin (density 

= 0.827-0890 g/mL). The ionic conductivity of [MOIM][Tƒ2N] has been estimated as 1.6 mS 

cm
-1

.  

 

Figure 2: Molecular structure of the hydrophobic room temperature ionic 1-methyl-3-octyl 

immidazolium bis(trifluoromethyl)sulfonyl imide ([MOIM][Tƒ2N]). 

2.4 RTILs/CPEs as Electrodes 

Since the first report of Adams [2009], the carbon paste electrodes (CPEs) have been used for 

a large number of electro-analytical applications, mostly including the developments for the 

quantification of hydrogen peroxide [80]. CPEs attracted a lot of interest, this might be due to 

improved renewability stable response and a low ohmic resistance of CPEs compared to 

membranes electrode or as ion selective electrodes. CPEs are ideally suited for preparation of 

bulk-modified-electrodes by incorporation of reactive materials, for example into a mixture 

of graphite powder dispersed in a non-conductive mineral oil [81]. The mineral oil 
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component in the carbon paste causes disadvantages of the resulting CPEs, the major one is 

caused by the preparation process of the oils. Typical parameters required for pasting liquids 

are: i) chemical inertness and electro-inactivity, ii) high viscosity and low volatility, and iii) 

minimal solubility in aqueous solutions. Thus, the commonly used pasting liquids for the 

preparation of CP were mainly organic mineral oils (e.g. Nujol®, paraffin) [24]. Mineral oils 

have unpredictable components due to the fact that these compounds are prepared during 

refining of petroleum and processing of crude oil, which can influence the detection 

characteristics of the resulting CPEs. In contrast, IL as mentioned earlier, possess good 

solvating properties, high conductivity, non-volatility, low toxicity, good electrochemical and 

chemical stability, low vapor pressure, low toxicity, and high ionic conductivity [59]. Thus, 

recently, ILs have received much attention in different areas including bio-catalytic 

processes. CPEs prepared with imidazolium-based ionic liquids exhibited increased 

sensitivity of response towards potassium ferricyanide [78], Even though the replacement of 

the paraffin oil causes a very high back ground current, advantages over normal CPEs include 

high conductivity, fast electron transfer, good thermal and chemical stability of inorganic and 

organic substances. 
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3 PRINCIPLES OF SELECTED ANALYTICAL METHODS 

3.1  Cyclic Voltammetry (CV) 

Cyclic voltammetry is used for study of redox processes rather than quantification; 

understand reaction intermediates and obtaining stability of reaction products [82]. The 

current at the working electrode is plotted versus the potential difference between the 

working electrode and a reference electrode. During the experiment the potential is ramped 

linearly versus time, when the cyclic voltammogram reaches a set potential, the working 

electrode ramp is inverted. This technique is based on varying potential at the working 

electrode in both the forward and reversible directions at some scan rate while monitoring 

current. The important parameters are the peak potentials (Epa, Epc) and peak currents (Ipa, Ipc) 

of the anodic and cathodic peaks [82]. 

 

Figure 3: Typical cyclic voltammogram and its typical parameters (ipc, ipa, Epa, Epc). 

For a simple heterogneous electron transfer reaction (Ox + ne-  Red) involving n (=1 or 2) 

electrons, if the electroactive reactant (Ox) is dissolved in an electrolyte solution of sufficient 

conductivity and the electrochemical reaction is not extensive enough to alter the composition 
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of the bulk of the electrolyte, the product (Red) is stable and also soluble in the electrolyte, 

the following relations apply.  

Reversible electrode reaction:  

C
nnF

RT
.EEΔE pcpap

o25at  V 
058.0

32          (6)         

2
1

2
12

1

, 4463.0 Ox

bulk

Oxcp DC
RT

nF
nFAi 








        (7) 

2
1

2
1

ReRe

2
1

, 4463.0 d
bulk

dap DC
RT

nF
nFAi 





       (8) 

ratescan  of regardlessconstant  :

ratescan  of regardlessconstant  :

pc

pa

E

E
 

Where A – area of electrode (cm
2
), DOx or DRed – diffusion coefficients (cm

2 
s

-1
), C

bulk
 – bulk 

concentrations (in mol cm
-3

), v- scan rate (V s
-1

), R = 8.314 J K
-1

 mol
-1

, T is temperature (K), 

and F = 98485 C mol
-1

.   

For irreversible reactions:    
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Where E is the formal potential,  is the electron transfer coefficient (dimensionless), k
o
 is 

the heterogeneous standard heterogeneous rate constant (cm s
-1

). Provided reactant and 

product possess similar diffusion coefficients, the formal potential may be approximated as 

the mid-point of the two peak potentials or more accurately as per following equation: 

apcp

o EEE ., )1('           (15) 

For a quasi-reversible reaction under the above experimental set-up, 
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Where  Nicholson’s parameter with numerically calculated values as a function of nE for 

each scan rate [83]. 

The cyclic voltammograms of an electroactive substance in a thick layer films immobilized 

on the surface of the electrode follows the same mathematical relations as above. Thin layer 

electro-active films, mono-layers or a few molecular layers for which diffusion I not 

necessary for reaction to occur, exhibit voltammograms of different shape and hence different 

current-potential relation-ships. For reversible electrode reaction in a thin film to which the 

reactant is confined, provided both reactant and product are insoluble in the interfacing 
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electrolyte medium, and if intermolecular interactions before and after reaction are the same, 

a typical voltammogram would look like as in Figure 4 [84]: 

 

Figure 4: The cyclic voltammograms of an electroactive thin layer and monolayer 

In such a case, the CV parameters, including the peak-shape or the full-width at half-

maximum (FWHM), are given by the corresponding Equations 17 – 20.  
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Where  is initial surface concentration of reactant (mol cm
-2

), Q = charge passed during 

forward or reverse scan causing a complete electrolysis and conversion of the reactant into 

product.  
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For the electrode reaction of the reactant confined to the thin film is irreversible, we have the 

following current-potential relations [85]. 
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3.2  Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical Impedance Spectroscopy (EIS) is a very powerful, rapid and accurate 

nondestructive method for the evaluation of the wide range of materials [86]. EIS has many 

advantages in comparison with other techniques. Recently, EIS or ac impedance has seen 

tremendous increase in popularity. EIS was initially applied to the determination of the 

double-layer capacitance and in ac polarography, they are now applied to the characterisation 

of the electrode processes and complex interfaces. In EIS studies, the system’s impedimetric 

response to the application of a periodic small amplitude ac signal super-imposed over a 

constant dc potential is measured and analyzed. These measurements are carried out at 
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different ac frequencies to generate an impedance plot. In Nyquist plot, imaginary component 

of the total impedance (ZIm) is plotted against the real component of the total impedance 

(ZRe). In Bode plot, the log of total impedance magnitude (log Z) and the phase angle () 

are plotted on the right axis and left axis, respectively, against the log of ac frequency (log f). 

Figure 5 shows typical types of impedance spectra for dissolved electrtoactive substance 

under semi-infinite conditions depending in the degree of reversibility of the electrode 

reaction it undergoes.  

  

(a) (b) 

 

Figure 5: Typical impedance plots for a simple 

electrochemical system: (a) reversible, (b) 

quasi-reversible, and (c) irreversible. 

 

(c)  
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The interpretation of an impedance spectrum depends on the model of the system under 

study. It can provide detailed information of the systems under examinations; parameters 

such as corrosion rate, electrochemical mechanisms and reaction kinetics, detection of 

localized corrosion, can all be determined from these data. The Randle’s cell (see Figure 6) is 

simplest electrical equivalent circuit model for the heterogneous electron transfer reaction 

(Ox + ne-  Red) involving n (=1 or 2) electrons, if the electroactive reactant (Ox) is 

dissolved in an electrolyte solution of sufficient conductivity and the electrochemical reaction 

is not extensive enough to alter the composition of the bulk of the electrolyte, the product 

(Red) is stable and also soluble in the electrolyte. 

 

Figure 6: The Randles cell.  

Where: 

WE = Working Electrode  

Zw = Warburg impedance 

C = Capacitance 

Cdl = double layer capacitance (also Cd) 

RΩ  = uncompensated ohmic solution resistance (also Ru)  

RE = reference electrode 
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The impedance of a purely resistive element is equal to the magnitude of its resitance (R) and 

constant regardless of the fequency of the ac-excitation input (ZR = R). The double layer 

capacitor of an electrode/ electrolyte system may some times approximately behave as a 

purely capacitive element, in which its impedance is given by equation (27), where 1j . 

Bode plots with phase angle of -90
o
 is the hall mark of purely capacitive elements. In the 

presence of an electroactive substance, an RC parallel circuit of the charge transfer resistnce 

(Rct) and the double layer capacitance explains the arc in the impedance plots (also called 

ZARC) shown in Figures 8 (a) and (c), and Figure 7 as well.  

Cj
ZC



1
           (27) 

ZARCs are often observed as depressed semi-circles as in Figure 8(a) instead of the perfect 

semi-circles expected of ideal capacitor components in parallel with a charge transfer resistor 

[87]. Depressed semi-circles impedance plots are caused by non-ideal capacitive behavior 

exhibiting any constant phase angles less than -90
o
 in absolute values. Thus, such impedance 

responses are modeled by an electrical equivalent circuit of a generalized element called the 

constant phase element (CPE) in parallel with a charge transfer resistor. The impedance of a 

CPE, ZCPE is given by Equation 28 [88]: 

cpeP

cpe

CPE
(jωT

Z
)

1


 

       (28) 

Where TCPE is a scale coefficient and the power index PCPE varies in the range -1 < n < 1. It is 

known that at PCPE of 0.1 and -1, the CPE degenerates to resistance (R), a capacitance (C), 

and an inductance (L), respectively. In a limited frequency segment, the impedance 

corresponding to a positive fractional value of PCPE may be modeled by a distributed RC 
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circuit while fractional negative values of PCPE are modeled by a circuit consisting of RL 

elements. 

The manifestation of a Warburg impedance (ZW) - the impedancce related with reactant 

diffusion-limiations – is known when a phase shift of -45
o
 is exhibited in the impedance plot 

regardless of the frequency of the ac-excitation input. When the reactant traverses a semi-

infinite diffusion length, diffusion impedance is referred to as the infinite Warburg (ZW, ) 

and responsible for the diagnonal line (slope = (-)1) in Figure 8 (a) and (b), and Figure 7 as 

well. Under an ideal situation, its complex and magnitude forms are given by Equations 29 

and 30 [82]. 

 )1(, jZW 



         (29) 
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Where  is the Warburg coefficient given by Equation 31.  
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Thus ZW, curves can be fit with two experimental parameters 
o

RW


 2
 and P according to 

Equation 32 where o is a unit angular frequency and P = 0.5 in an ideal case. A Warburg 

impedance also can be fit with the model for the so-called the constant phase element (CPE) 

(see later in this section). 
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Figure 7 maps the equivalent circuit parameters for a general type of the impedance spectra 

exhibited by electrochemical systems which can be modelled by the Randle’s cell [82]. 

 

Figure 7: The impedance spectra exhibited by electrochemical systems which can be 

modelled by the Randle’s cell. 

Where: 

ω = angular frequency of the sinusoidal ac-excitation potential or current input 

ωmax = the angular frequency of the ac-input at which the maximum imaginary impedance 

when the impedance (Nyquist) plot forms an arc (semicircle). 

Zre (or Z) = real componnet of impedance  

Zim (or Z) = imaginary component of impedance  
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Where, 

fmax = the frequency of maximum ZIm in the semicircle of a Nyquist plot 

τ = time constant for charge/ discharge process in an RC circuit 

ὶo = exchange current 

During EIS measurements done on electroactive multi-layers or thick films, an impedance 

plot with a short Warburg-like line, in the region of higher frequencies, and an upward 

vertical line, in the low frequencies region, may be observed as shown in Figure 8(c)  [88]. 

This is known as the finite length Warburg-open circuit terminus (ZW,o). The open-circuit 

terminus is because of a geometric capacitor coming into the picture following the complete 

depletion of the reactant from film. Such impedance plots can be fitted with a three-

parameters (RW,o, TW,o, and PW,o) model according to Equation 35 [90, 91]. Under ideal 

conditions, PW,o = 0.5 and the other two parameters are given by Equations 36 and 37. 
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Where: 

L = the effective diffusion thickness (or film thickness of the electroactive layer) 
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D = the effective diffusion coefficient 

 

 

(a) 

 

 

(b) (c) 

Figure 8: (a) A ZARC with depressed semi-circle; (b) Warburg short-circuit terminus; (c) 

finite length Warburg-open circuit [89]. 

Another diffusion impedance scenario is when carrying out a rotating disc electrode EIS 

measurement on a dissolved reactant under a semi-infinite condition. A short ZW line would is 

terminated by an arc approaching the real-axis as in Figure 8(b). Such a impedance plots are 

termed finite length Warburg short-circuit terminus (ZW,s), and can be modeled with a 

modified version of Equation 35: ctnh function is replaced by the tanh function; and its three 

parameters by RW,s, TW,s, and PW,s, but still keeping the same mathematical significance.   

Thin-layer electroactive films, mono-layers or a few molecular layers for which diffusion is 

not necessary for reaction to occur, exhibit impedance spectra without the Warburg line and 
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are described by a slightly different model, for instance as in Figure 9 [82]. “Cads” is the 

capacitance of the geometric capacitor element arising as a result of the complete discharge 

of the thin-film. In contrast, for the simplest case of a thick electroactive-film 

electrochemistry, where diffusion is manifested as a finite length Warburg, the relevant 

equivalent circuit would be a modified version this model in which the ZWo or the Cads is 

replaced by ZW,s.  

 

Figure 9: Equivalent circuit for a system in which the Warburg impedance is unimportant. 

For reversible electrode reaction taking place in a thin film to which the reactant is confined, 

provided both reactant and product are insoluble in the interfacing electrolyte medium, and if 

intermolecular interactions before and after reaction are the same, a typical impedance 

spectrum would look like as follows: 

 

Figure 10: Impedance spectrum of a thin film of a reversibly electroactive material [93]. 
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3.3  Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR is the most analytical device for identification of unknowns, determine the quality or 

consistency of a sample and determine the amount of components in a mixture [93]. It can be 

applied to the analysis of solids, liquids, and gases. FTIR is a non-destructive technique,  

provides a precise measurement method which requires no external calibration, increases 

speed, collecting a scan every second,  can increase sensitivity – one second scans can be co-

added together to ratio out random noise, has greater optical throughput and  is mechanically 

simple with only one moving part [94]. FTIR is perhaps the most powerful tool for 

identifying types of chemical bonds (functional groups). The wavelength of light absorbed is 

characteristic of the chemical bond as can be seen in this annotated spectrum. In infrared 

spectroscopy, IR radiation is passed through a sample. Some of the infrared radiation is 

absorbed by the sample and some of it is passed through (transmitted). The resulting 

spectrum represents the molecular absorption and transmission, creating a molecular 

fingerprint of the sample. Like a fingerprint no two unique molecular several types of 

analysis [95]. 

Thus, the Fourier Transform Infrared (FTIR) technique has brought significant practical 

advantages to infrared spectroscopy. It has made possible the development of many new 

sampling techniques which were designed to tackle challenging problems which were 

impossible by older technology. It has made the use of infrared analysis virtually limitless 

[96]. 

3.4. Microscopy Techniques 

Microscopy Techniques uses microscopes to view samples and objects that are not within the 

resolution range of the normal eye. There are three well-known branches of microscopy, 

optical, electron, and scanning probe microscopy [97]. 
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Optical and electron microscopy involve the diffraction, reflection, or refraction of 

electromagnetic radiation/electron beams interacting with the specimen, and the subsequent 

collection of this scattered radiation or another signal in order to create an image. This 

process may be carried out by wide-field irradiation of the sample (for example standard light 

microscopy and transmission electron microscopy) or by scanning of a fine beam over the 

sample [98]. A scanning electron microscope (SEM) is a type of electron microscope that 

images a sample by scanning it with a focused beam of high-energy electrons to generate 

variety of signals at the surface of solid specimens. The signals that derive from electron-

sample interactions reveal information about the sample including external morphology 

(texture), chemical composition, and crystalline structure and orientation of materials making 

up the sample [99]. In most applications, data are collected over a selected area of the surface 

of the sample, and a 2-dimensional image is generated that displays spatial variations in these 

properties. Areas ranging from approximately 1 cm to 5 microns in width can be imaged in a 

scanning mode using conventional SEM techniques (magnification ranging from 20X to 

approximately 30,000X, spatial resolution of 50 to 100 nm). The SEM is also capable of 

performing analyses of selected point locations on the sample; this approach is especially 

useful in qualitatively or semi-quantitatively determining chemical compositions (using 

EDS), crystalline structure, and crystal orientations (using EBSD). The design and function 

of the SEM is very similar to the EPMA and considerable overlap in capabilities exists 

between the two instruments [100]. 
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4.  EXPERIMENTAL 

4.1  Chemicals and Materials 

4.1.1 Chemicals 

 1-Methyl-3-octylimidazolium bis(trifluoromethylsulfonyl)imide (Merck, ≥99%, Product 

# 00797) 

 Graphite powder (natural micro crystal grade, Aps 2-15 microns, 99.9995 %) (Alfa Aesar, 

Product # 14736) 

 Paraffin oil (Spectranal, Riedel-De Haen, Product # 8012-951)  

 CuCl2.6H2O (99%) (Riedel-De Haen, Product #62330) 

 FeCl2.4H2O (99%) (Sigma-Aldrich, Product # 577002-149) 

 CoCl2.6H2O (98%) (Sigma-Aldrich, Product # 565553-059).  

 Ce(SO4)2.4H2O (>98%) (SAAR Chem., Product # 27978) 

 MnSO4.H2O (98.0%) (BDH Chemicals, Product #10355).  

 H2O2, (30%) (Sigma-Aldrich, Product # 95302) 

 Potassium hexacyanoferrate (III) (98%) (Fluka, Biochemica, Product # 60280) 

 KCl (99.5%) (Fluka, Biochemica, Product # 60128) 

 NH4Cl (99.5% ) (Fluka, Biochemica, Product # 09700 ) 

 LiCl (99.0%) (Fluka, Product # 73036 ) 
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 KNO3 (99.0%) (Sigma Aldrich, Product # 542040) 

 NaCl (≥99.5%) (Sigma Aldrich, Product # S9625) 

 CH3COONa ((≥99.0%) (Sigma Aldrich, Product # S8750) 

 NaClO3 (≥99% ) (Sigma Aldrich, Product # 244147) 

4.1.2 Reagent solutions  

All solutions were prepared with ultrapure water (18MΩ cm) from a reverse osmosis/ ion-

exchange combined water purification system (Rios 
TM 

3/ Synergy, Millipore) 

4.2  Carbon Paste Preparation & Electrode Construction 

4.2.1 Paraffin/ carbon paste electrode (PCPE) 

The PCPE was prepared by thoroughly hand mixing 0.30 g of graphite powder with 200 µL 

of paraffin oil in an agate mortar; mixing proceeded for 20 minutes to produce a well 

homogenized paste. A small portion of the resulting paste was taken with polyethylene tip 

and packed tightly into a Teflon tube electrode body (BAS, MF-2015) with internal diameter 

1.6 mm. The surface of the CPE was always polished to visual flatness on a paper and rinsed 

with ultrapure water prior to each experiment.   

4.2.2 Ionic liquid/ paraffin/ carbon paste electrode (ILPCPE) 

ILPCPE was prepared by thoroughly hand mixing 0.30 g of graphite powder with 50:50 

paraffin oil/ [MOIM] [Tƒ2N] (i.e. 100 µL paraffin oil and 100 µL of [MOIM][Tƒ2N]) in an 

agate mortar; mixing proceeded for 20 minutes to produce a well homogenized paste. A small 

portion of the resulting paste was taken with polyethylene tip and packed tightly into a Teflon  
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tube electrode body (BAS, MF-2015) with internal diameter 1.6 mm. The surface of the CPE 

was always polished to visual flatness on a paper and rinsed with ultrapure water prior to 

each experiment.   

4.3 Electrochemical Measurements 

Electrochemical experiments i.e. cyclic voltammetry were performed with BAS 100B and 

BASi Epsilon electrochemical analyzers (Bioanalytical systems, Inc.) controlled with 

software BAS100W and Epsilon software (Bioanalytical Systems, Inc., West Lafayette, 

USA), respectively. Electrochemical impedance spectroscopy measurements were performed 

using the PAR 273A potentiostat (Princeton Applied Research) and a Lock in amplifier 

(Signal Recovery, Model 5210) while the data acquisition was made via the PowerSINE and 

PowerCV software (Princeton Appli. Res., Version 2.46, 2003 AMETEK, INC., Berwyn, PA, 

USA). Complex non-linear least squares (CNLS) fitting of impedance data to equivalent 

circuit models were done by the help of the Z-view software (Version 3.1c, 1990-2007 

Scribner Associates, inc., Sothern Pines, NC, USA). The goodness of fit indicators for EIS-

modeling, Chi-squared and sum of squares were always kept less than or equal to 10
-3

 and 

0.1, respectively. All studies were carried out with a three-electrode system, the CP electrode 

as the working electrode, platinum wire as auxiliary/counter electrode, and an Ag/AgCl (3M 

NaCl) as reference electrode. Measurements were carried out in various electrolytes (0.1M) 

which were always purged with ultra-pure Argon (Afrox, South Africa) and kept under Ar 

blanket during measurements.  

4.4 ATR-FTIR Measurements 

Attenuated total internal reflectance FTIR measurements were carried out using the Model 

Spectrum100 (PerkinElmer). 

 

 

 

 



37 

 

4.5 Preliminary Electrochemical Studies  

The prepared CP electrodes were characterized with respect to their background 

voltammograms and their responses to the hexacyanoferrate (II/III) and hydrogen peroxide 

redox systems. The kinetics of hexacyanoferrate(II/III) system was studied both by recording 

the cyclic voltammograms (CVs) at various scan rates, and by electrochemical impedance 

spectroscopy (EIS).  

4.6 Effecting and Probing of Metal oxide Species Electrodeposition 

1000 µL of 0.1 M aq. solution of the metal ion (Fe
2+

, Cu
2+

, Co
2+

, and Mn
2+

) was added to 10 

mL of the KCl supporting electrolyte. In the case of Ce
2+

 ion, the volume added was only 100 

µL because it significantly precipitated. Then cyclic voltammograms of the ions were 

recorded between +1.5 V to -1.8 V at 0.1 V/s starting with a cathodic scan from 0.0 V. After 

the recording of the voltammogram was completed, the deposition of any metallic species 

from the solution was then probed by running CV of the resulting CP electrode in a new 

portion of KCl solution. In separate set of experiments, an additional electrochemical probe, 

H2O2 was spiked into the supporting electrolyte and CVs were recorded.  
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5. RESULTS AND DISCUSSION 

5.1 Preliminary Studies on as Prepared Ionic Liquid Carbon Paste Electrodes 

5.1.1 Background cyclic voltammogram (CVs) in aq. KCl (0.1 M) solution 

In Figure 11 shown are overlaid background CVs of the PCPE (black), ILPCPE (red), and 

ILCPE (green) in aq. KCl (0.1 M) solution. Similar potential windows which spanned 

between +1.5 V to -1.8 V were observed regardless of the electrode type. However, the 

introduction of the ionic liquid raised the background double layer charging current by about 

100-folds relative to typical value for the PCPE (0.1 µA). Typical residual Faradaic peaks 

were also increased by about as high as 50-folds relative to that of the PCPE (1.4 µA). The 

range of potential of pure charging currents spanned from 1.4 to (-) 1.6 V in the absence of 

the ionic liquid, and between 1.00 and -1.00 V after the introduction of the ionic liquid. In the 

case of the ILCP, the background current was even much more excessive, for example, it had 

a 10-fold charging current relative to the ILPCP. The trend in the magnitude of background 

current was as follows: ILCP > ILPCP > PCP. The increase in background current in 

accordance with previous studies on ionic liquid-modified carbon paste electrodes [101]. 

Possible causes include electro-active impurities in the ionic liquid, ionic-migration within 

the carbon paste, and enhanced double-layer charging phenomena. Nevertheless, the fact that 

the overall potential windows of both electrodes were identical meant the ILPCPE provides a 

new electrochemically inert surface for the study and sensing of as many substances as which 

have been tested with traditional CPE. Furthermore, the high residual and background current 

characteristics of the IL/PCPE makes it a candidate for applications in super-capacitors.  
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Figure 11: Background CVs of PCPE (black), ILPCPE (red), and ILCPE (green) in aq. KCl. 

5.1.2 Cyclic voltammogram of Fe(CN)6
3-/4-

 

Fe(CN)6
3-/4- 

is the most common standard redox system utilized for probing electrochemical 

activities of bare and modified electrodes. As presented in a later section in this work, the 

electrode kinetics of this redox probe was also studied to evaluate the PCPE, ILPCPE, and 

ILCPE. Typical cyclic voltammograms recorded at a scan rate of 100 mV/s for Fe(CN)6
3-

 

(0.004 M) in aq. KCl (0.1 M) solution are shown in Figures 12 (a), (b), and (c), respectively. 

The highest peak height (current density) was observed at the ILCP according to the order: 

Ip(ILCP) >> Ip(ILPCP) > Ip(PCP). Thus, the electrode reaction of Fe(CN)6
3-/4-

 was found to 

be faster because of incorporating the IL. 
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Figure 12: CVs of Fe(CN)6
3-/4-

 at (a) PCPE 

and (b) ILPCPE in aq. KCl (0.1 M) 

solution. 

5.1.3 Cyclic voltammogram of H2O2 in aq. KCl (0.1 M) solution. 

Since multi-valent metal oxides or hydroxides are known for their electrocatalytic or 

electron-transfer mediation activities in H2O2 electrochemistry [3], H2O2 was exploited in this 

work as a probe for signaling the formation of electrodeposited metal oxide/ hydroxide 

products at the PCP and ILPCP electrodes. Thus, CVs of H2O2 at the freshly prepared CP 

electrodes were first studied to generate control voltammograms. According to Figure 13c, 

H2O2 exhibited higher current at the PCPE than at the ILPCPE. The anodic peak observed at 

about 1.5 V (for the PCPE) was diminished when the ILPCPE was used. It even disappeared 

totally in the case of the ILCP electrode. However, a small new cathodic peak was apparently 
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observed at about -0.75 V for the ILPCPE. The cathodic reaction at both electrodes was 

irreversible and no oxidation peak was observed.  

  

 

 

Figure 13: CV of H2O2 and at (a) PCPE, (b) 

ILPCPE, and (c) ILCPE. Black = 0 mM. 

Red = 10 mM  H2O2)    

5.1.4 Scanning electron microscopic examination  

Figure 14 shows the scanning electron microscopic top views of a pure graphite powder (a) 

and the three carbon paste electrode prepared from this graphite powder using paraffin (nujol) 

(b), ionic liquid + paraffin mixture (c), and ionic liquid (d) as binders. In (a), graphite flakes 

were observed, isolated and irregularly oriented since the powder was not processed into a 

paste. In (b), (c), and (d), well compacted and ordered flakes were observed for the PCPE, 

ILPCPE and ILCPE samples due to the presence of the binding liquids and the process 

followed during the preparation of these pastes. It appears that, as a liquid with good 
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conductivity, high viscosity, and possessing ions which can interact with surface functional 

groups of the graphite particles, the RTILs exhibited enhanced binding of more particles and 

surface area coverage resulting in more compact pastes than the conventional mineral oil. 

  

(a) (b) 

  

(c) (d) 

Figure 14: SEM images of (a) Graphite, (b) PCPE, (c) ILPCPE, and (d) ILCPE 
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5.2 Electrode Kinetics of Fe(CN)6
3-/4- 

at PCPE, ILPCPE, and ILCPE  

5.2.1 Cyclic voltammetry 

Cyclic voltammograms of Fe(CN)6
3-/4-

 recorded at different scan rates (0.005 to 1.000 V/s) 

for the PCPE, ILPCPE, and ILCPE are shown in Figure 15.  
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Figure 15: Cyclic voltammograms of 

hexacyanoferrate(III) at different scan rates 

in aq. KCl (0.1 M) solution, a) PCPE, b) 

ILPCPE  and c) ILCPE.  
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Figure 16. Dependence of Epa, Epc, ΔEp, 

ipa/ipc ratio on scan rate for CVs of 

Fe(CN)6
3- 

(4 mM) at three CP electrodes 

in aq. KCl (0.1 M) solution. 

(c) 

Various plots based on CVs of Fe(CN)6
3-/4-

 (0.005 mV/s to 1 V/s) presented in Figure 16 for 

each type of electrode is shown. Based on how the plots of peak separation (ΔEp) varied with 

log , conclusions were made as to the extent of the reversibility of the electrode reactions. 

The reaction gradually shifted from being reversible to being irreversible as the scan rate was 

increased regardless of the electrode type. Using the linear section of the respective Epc vs log 

 plots, the cathodic transfer coefficients (α) was estimated for the reaction at each electrode 

according to Equations 13 and 14. Do is diffusion coefficient of Fe(CN)6
3-

. The “α” values 

thus determined were used in the calculation of the standard heterogeneous rate constant (k
o
) 
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from the intercept. In Table 3 presented are  and k
o
 together with effective electrode areas 

(Aeff), mean formal potentials (E), and mean peak current ratios (ipa/ipc). Literature values of 

6.1x10
-5

 cm
2
/s and 5.8x10

-5
 cm

-2
/s in 0.1 M KCl solution [102, 103] were used for DRed 

(diffusion coefficient of Fe(CN)6
4-

) and DOx, respectively, in Equations 11 and 12 in order to 

estimate Aeff. 

Table 3: Electrode properties and Fe(CN)6
3-/4- 

electrode-kinetics data based on CV analysis 

are shown. 

Parameter Ageom/ cm
2
 Aeff E/ V Ipa/Ipc  k

o
/ 10

-3
 cm/s 

Method r
2
  Mean Mean Epc vs log v Epc vs log v 

PCP 0.0201 0.0258 0.207 1.07 0.603 1.5 

ILPCP 0.0201 0.0365 0.206 0.86 0.441 1.0 

ILCP 0.0314 0.0513 0.201 1.05 0.332 1.7 

5.2.2 Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) measurements were carried out in the 

presence and absence of Fe(CN)6
3-/4-

 solution. Bode plots of the three electrodes, i.e. PCPE, 

ILPCPE, and ILCPE are shown in Figure 17 (a) and (b) for the frequency range 10
-1

 to 10
5 

Hz. Generally, the PCPE and the ILCPE respectively exhibited the highest and the lowest 

impedances due to the higher conductivity of the IL compared to paraffin. The equivalent 

circuit models in Figure 18 were used to fit and interpret all EIS results. Ru-t is the total sum 

of the un-compensated solution resistance (Ru-s) and the ohmic resistance of the electrode 

material (Ru-m) itself. Thus, the differences between Ru-t values of the different electrode/KCl 

systems were understood as dominantly arising from the difference between the natures of 
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the electrode materials themselves. CPE and Rct respectively represent constant phase 

elements and charge transfer resistances.  
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Figure 17:  Impedance spectra (Bode Plots) in aq. KCl (0.1 M) solution in the presence of 

Fe(CN)6
3-/4-

 (8 mM; 1:1), Eac= 0.010 V, Edc = 0.2 V (for PCP & ILPCP) or 0.17 V (ILCP). 
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Ru-t and ZCPE of similar order of magnitudes as the Ru
 
and ZCPE determined in the absence of 

Fe(CN)6
3-/4- 

were found for all the electrodes. But, the charge transfer resistances (Rct) in the 

presence of Fe(CN)6
3-/4-

 and, hence, the exchange current densities (Io) were significantly 

different from the corresponding background values, which are presented in Table 4.The PCP 

and ILPCP electrodes’ equivalent background contributions were about 10% and 13%, 

respectively. Furthermore, the equivalent circuit for the ILPCP electrode still contained two 

time constants. In the case of the ILCP electrode, its impedance spectrum in the presence of 

Fe(CN)6
3-/4-

 indicated the need to incorporate a new resistance/ capacitor (RC) element (Rct2, 

ZCPE2) in the series with the CPE-element, which was already identified in the absence of 

Fe(CN)
3-/4-

. 

  

(a) (b) 

Figure 18: Generalised equivalent circuit models for:  (a) PCP and (b) ILCP and ILPCP in the 

presence of a redox active substance. 

The k
o 

values for the electrode reaction in question were calculated according to Equation 34 

from the respective Io without a need for background correction. Unlike the magnitudes of k
o 

, 

which were estimated using the CV data, the k
o 

values evaluated from the EIS data varied 

significantly across the different types of electrodes. The ILCP electrode exhibited the 

highest k
o 

(81x10
-3

 cm/s) and the PCP exhibited the lowest k
o 

(1.38x10
-5 

cm/s) values. 

Therefore, the trend in k
o
 may be summarized as follows: k

o
 (ILCP) >> k

o
 (ILPCP) >> k

o
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(PCP). Each of the k
o
 estimated by EIS were two orders of magnitude smaller than the 

respective k
o
 values determined by the CV. 

Table 4: Equivalent circuit and kinetic parameters estimated using the EIS data (Figure 17) 

for PCPE, ILCPE, and ILPCP in Fe(CN)6
3-/4- 

(8 mM)/ aq. KCl (0.1 M) solution.  

Electrode  Rct/  

kΩ cm
2
 

TCPE/  

s
P
 MΩ

-1
  

PCPE TCPE/  

s
P
 MΩ

-1
 cm

-2
 

Io/  

µA cm
-2

 

k
o
/  

10
-3 

cm s
-1

  

PCP 4.84 0.068 0.976 3.4 5.31 0.0138 

ILPCP (Rct1, CPE1) 0.0199 0.7 0.795 34.8 98.3 0.255 

ILPCP (Rct2, CPE2) 0.261 156 0.75 7760 322 N/A 

ILCP (Rct1, CPE1) 0.000819 2.5 1.000 79.6 314000 81.3 

ILCP (Rct2, CPE2) - 719 0.505 22900 - - 

 

 

 

 



50 

 

5.3 Electrodeposition of Selected Transition Metal Ions in aq. KCl (0.1 M) solution 

Potentiodynamic electrodeposition of multivalent oxy-hydroxy metal oxides was investigated 

using the solutions of the source ions Fe
2+

, Cu
2+

, Co
2+

, Ce
4+

, and Mn
2+

 in aq. KCl (0.1 M) 

solution. As will be shown soon, only Fe
2+

, Cu
2+

, and Mn
2+

 were found to have been 

successfully electrodeposted as concluded based on cyclic voltammetric hallmarks observed 

during and after electrodeposition. 

5.3.1 Electrodeposition cyclic voltammograms 

Iron (II) 

Figure 19 shows CVs of (a) PCPE and (b) ILPCPE in the presence of Fe
2+

 in aq. KCl (0.1 M) 

solution.  The CVs were recorded starting from 0 V where no reaction occurred. Various 

peaks were observed to evolve and increased in peak height as the number of cycles 

increased KCl solution. The ionic liquid enhanced the reduction peak current of Fe
2+

 at the 

CP electrode in aq. KCl (0.1 M) solution, but it generally shifted the peak potentials to higher 

overpotentials. The increase in peak height and shift in peak potential with cycle number 

strongly indicated the occurrence of alterations in surfaces of both PCP and ILPCP electrodes 

as electrode reactions progressed. Most of the peaks in the case of the ILPCP were at higher 

over-potentials than the corresponding peaks observed for the PCP electrode. This indicated 

that the electrode reaction was influenced by the presence of the ionic liquid. Formation of 

electrodeposited species onto both ILPCP and PCP electrodes, hence the ILPCP//FeOx and 

PCP//FeOx, was confirmed by new and stable cathodic and anodic peaks after changing 

medium. 
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(a) 

 

(b) 

Figure 19: CVs recorded for PCPE (a) and ILPCP (b) in the presence of Fe
2+

 solution in aq. 

KCl (0.1 M) solution. Curve in red: 0 mM Fe
2+

. Curve in black: 10 mM Fe
2+

.  

Cobalt (II)  

The CVs in Figure 20 show new peaks after the electro-deposition of Co
2+

 at both CPEs 

which proves that there is Co
2+ 

electro-deposition. A pair of anodic and cathodic peaks in 

both PCPE and ILCPE was observed, in both electrodes, the peaks were unstable and 

therefore can say that the electro-deposition was not successful.  
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(a) 

 

(b) 

Figure 20: CVs recorded for PCPE (a) and ILPCP (b) in the presence of Co
2+

 in aq. KCl (0.1 

M) solution. Curve in red: 0 mM Co
2+

 solution. Curve in black: 10 mM Co
2+

 solution.  

Copper (II) 

The CVs in Figure 21 show new peaks after the electro-deposition of Cu
2+

 at both CPEs, 

which proves that there is Cu
2+ 

electro-deposition with similar Ep and Ip values but  higher 

peak widths for ILPCPE. A pair of anodic and cathodic peaks in both PCPE and ILCPE was 
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observed while the peaks on ILPCPE were unstable, indicates the more efficient the 

deposition at the ILPCPE.  

 

 

Figure 21: CVs recorded for PCPE (a) and ILPCP (b) in the presence of Cu
2+

 in aq. KCl (0.1 

M) solution. Curve in red: 0 mM Cu
2+ 

solution. Curve in black: 10 mM Cu
2+

 solution.  
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Cerium (II) 

The CVs in Figure 22 show new peaks after the electro-deposition of Ce
2+

 at both CPEs 

which proves that there is Ce
2+

electro-deposition. One anodic and cathodic peak observed in 

both PCPE and ILCPE at approximately 1.65 V and 1.7 V respectively, which increased as 

the successive scans occurs.  

 

 

Figure 22: CVs recorded for PCPE (a) and ILPCP (b) in the presence of Ce
4+

 in aq. KCl (0.1 

M) solution. Curve in red: 0 mM Ce
4+

 solution. Curve in black: 10 mM Ce
4+

 solution. 
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Manganese (II) 

The CVs in Figure 23 show a pair of anodic and cathodic peaks which were observed at both 

of the unmodified or PCPE and the ILPCPE on addition of Mn
2+

 solution. But the ILPCPE 

showed unstable peaks which got lower and lower with successive cyclic scans. On the other 

hand, these peaks were wider than those observed at the unmodified CPE. 

 

 

Figure 23: CVs recorded for PCPE (a) and ILPCP (b) in the presence of Mn
2+

 in aq. KCl (0.1 

M) solution. Curve in red: 0 mM Mn
2+

 solution. Curve in black: 10 mM Mn
2+

 solution. 
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5.3.2 Post-electrodeposition cyclic voltammograms in Aq KCl solution. 

FexOy films 

Figures 24 (a) and (b) show overlays of multi-cycle CVs of PCPE (a) and ILPCPE (b) in 

fresh portions of the electrolyte (aq. KCl, 0.1 M) before (curves in black) and after (curves in 

red) the Fe
2+

-electrodeposition process. The post-deposition PCPE and ILPCPE respectively 

exhibited two and four new peaks which were also stable with successive cycles.  

 

 

Figure 24: CVs recorded before and after Fe
2+

-electrodeposition at (a) PCPE & (b) ILPCPE   
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Thus, the post-deposition CVs indicated the surfaces of the electrodes were coated with stable 

and adherent films of material (FexOy). The resulting modified CPEs will be referred to as 

PCPE/FexOy and ILPCPE/FexOy. The former’s peak potentials were -1.2 V (PC1, cathodic) 

and 1.1 V (PA1, anodic), the latter’s were -1.01 V (PC1, cathodic), 0.8 V (PC2, cathodic), -

0.47 V (PA1, anodic), and 1 V (PA2, anodic). Because of the difference between the two 

electrodes with regard to the positions of the respective peaks, one may say the 

electrodeposited iron species were different in either of their compositions, phases, structures, 

or just in the microenvironment.  

CoxOy films 

Figures 25 (a) and (b) show overlays of multi-cycle CVs of PCPE (a) and ILPCPE (b) in 

fresh portions of the electrolyte (aq. KCl, 0.1 M) before (curves in black) and after (curves in 

red) the Co
2+

-electrodeposition process. The post-deposition PCPE and ILPCPE each 

exhibited four new peaks which were also stable with successive CV cycles. Thus, these post-

deposition CVs indicated the surfaces of the electrodes were coated with stable and adherent 

films of material (CoxOy). The resulting modified CPEs will be referred to as PCPE/CoxOy 

and ILPCPE/CoxOy. The former’s peak potentials were -0.50 V (PC1, cathodic), 0.49 V 

(PA1, anodic), 1.00 V (PC2, cathodic) and 0.490 V, (PC3, cathodic); the latter’s were -1.10 V 

(PC1, cathodic), -0.25 V (PA1, anodic), 1.10 V (PA2, anodic) and 1.10 V (PC2, cathodic). 

Because of the difference between the two electrodes with regard to the positions of the 

respective peaks, one may say the electrodeposited iron species were different in either of 

their compositions, phases, structures, or just in the microenvironment. 
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Figure 25: CVs recorded before and after Co
2+

-electrodeposition at (a) PCPE & (b) ILPCPE 

CuxOy films 

Figures 26 (a) and (b) show overlays of multi-cycle CVs of PCPE (a) and ILPCPE (b) in 

fresh portions of the electrolyte (aq. KCl, 0.1 M) before (curves in black) and after (curves in 

red) the Cu
2+

-electrodeposition process. While the post-deposition PCPE did exhibit about 

seven new but unstable peaks, the ILPCPE exhibited none at all. In the former case, the peak 

heights decreased or diminished with increasing number of CV cycles. These peaks were 

observed at potentials of -0.49 V (cathodic), 0.60 V (cathodic), -0.30 V (anodic), 0.25 V, 

(anodic), 0.30 V (anodic), 0.55 V (anodic) and 0.25 V (cathodic). Thus, electrodeposition of 
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Cu
2+

 occurred only on the PCPE. However, the CuxOy film on the resulting modified-

electrode (PCPE/CuxOy) did not prove to be adherent and stable when observed for three CV 

cycles.  

 

 

Figure 26: CVs recorded before and after Cu
2+

-electrodeposition at (a) PCPE & (b) ILPCPE 

CexOy films 

Figures 27 (a) and (b) show overlays of multi-cycle CVs of PCPE (a) and ILPCPE (b) in 

fresh portions of the electrolyte (aq. KCl, 0.1 M solution) before (curves in black) and after 

(curves in red) the Ce
4+

-electrodeposition process. Post-electrodeposition CVs of PCPE and 

ILPCPE did not exhibit any new voltammetric features. This observation supports the 
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conclusion made earlier based on the CVs of Ce
4+

 that electrodeposition of CexOy did not 

occur on both electrodes.  

 

 

Figure 27: CVs recorded before and after Ce
2+

-electrodeposition at ( a) PCPE & (b) ILPCPE 

MnxOy films 

Figures 28 (a) and (b) show overlays of multi-cycle CVs of PCPE (a) and ILPCPE (b) in 

fresh portions of the electrolyte (aq. KCl, 0.1 M solution) before (curves in black) and after 

(curves in red) the Mn
2+

-electrodeposition process.  
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Figure 28:  CVs before and after Fe
2+

-electrodeposition at (a) PCPE & (b) ILPCPE 

The post-deposition PCPE and ILPCPE each exhibited four new peaks which were also 

stable with successive CV cycles. Thus, these post-deposition CVs indicated the surfaces of 

the electrodes were coated with stable and adherent films of material (MnxOy). The resulting 

modified CPEs will be referred to as PCPE/MnxOy and ILPCPE/MnxOy. The peak potentials 

in both cases were similar: -0.45 V (cathodic), 0.5 V (anodic), 1.1 V (anodic), and 0.95 V. 

However, broader and taller peaks were observed in the case of ILPCPE/MnxOy. Thus, the 
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deposition of Mn
2+

 at the ILPCPE was more efficient or the resulting MnxOy film was more 

electroactive. Most probably, this was because of differences in compositions, phases, 

structures, or just in the microenvironment. 

5.3.3 Post-electrodeposition probe with H2O2 

FexOy films 

The CV curves (in black) in Figure 29(a) and (b) were recorded in a fresh portion of the 

electrolyte containing H2O2 after deposition of Fe
2+

 at the PCPE and ILPCPE, respectively. 

Both CVs show H2O2 reduction (cathodic) peaks with lower over-potentials and increased 

peak currents relative to the CVs of H2O2 before electrodeposition (Figure 13). Thus, these 

results also confirm that the surfaces of the electrodes were altered during the 

electrodeposition process forming the modified electrodes: ILPCPE/FexOy and PCPE/FexOy. 

H2O2 exhibited CVs with similar peak heights and stability at both of the modified-

electrodes. However, a lower over-potential H2O2 reduction (cathodic peak) was observed for 

ILPCPE/FexOy (-1.1 V) compared to the PCPE/FexOy (-1.3 V). Furthermore, unlike the bare 

electrodes, H2O2 oxidation (anodic) peaks were observed this time because of the 

electrodeposited material in both cases. It exhibited a higher anodic peak height at the 

ILPCPE/FexOy, and a lower anodic peak potential at the ILPCPE/FexOy.   
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Figure 29: CVs of H2O2 at (a) PCPE/FexOy and (b) ILPCPE/FexOy in aq. KCl 

CoxOy films 

The CV curves (in black) in Figure 30(a) and (b) were recorded in a fresh portion of the 

electrolyte containing H2O2 after deposition of Co
2+

 at the PCPE and ILPCPE, respectively. 

Unlike its CVs at the corresponding bare electrodes (Figure 13), H2O2 exhibited both 

cathodic and anodic peaks at the resulting CoxOy–modified electrodes (PCPE/CoxOy and 

ILPCPE/CoxOy).  
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Figure 30: CVs of H2O2 at (a) PCPE/FexOy and (b) ILPCPE/FexOy in aq. KCl 

In contrast with the PCPE/CoxOy, a new H2O2-reduction peak was observed for 

ILPCPE/CoxOy at about -0.75 V and the peak height at -1.4 V almost doubled. Even the 

anodic peaks potentials were similar; anodic peak height for ILPCPE/CoxOy almost double of 

that observed at the PCPE/CoxOy. 

CuxOy films 

The CV curves (in black) in Figure 31 (a) and (b) show the CVs of H2O2 in a fresh portion of 

the electrolyte (aq. KCl. 0.1 M) after attempted electrodeposition of Cu
2+

 at the PCPE and 

ILPCPE, respectively, to form PCPE/CuxOy and ILPCPE/CuxOy. Nevertheless, these CVs of 
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H2O2 did not exhibit any significant difference from its CVs at the freshly prepared electrodes 

(Figure 13). This confirmed the previous conclusion that electrodepostion of Cu
2+

 not 

realized.  

 

Figure 31: CVs of H2O2 at (a) “PCPE/FexOy“ and (b) “ILPCPE/FexOy“ in aq. KCl 

CexOy films 

The CV curves (in black) in Figure 32 (a) and (b) show the CVs of H2O2 in a fresh portion of 

the electrolyte (aq. KCl. 0.1 M solution) after attempted electrodeposition of Ce
2+

 at the 

PCPE and ILPCPE, respectively, to form PCPE/CexOy and ILPCPE/CexOy. Nevertheless, 

these CVs of H2O2 (black curves) did not exhibit any significant difference from its CVs at 
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the freshly prepared electrodes. This confirmed the previous conclusion that electrodepostion 

of Ce
4+

 not realized. 

 

 

Figure 32: CVs of H2O2 at (a) “PCPE/CexOy“ and (b) “ILPCPE/CexOy“ in aq. KCl (0.1 M) 

solution. 

MnxOy films 

The CV curves (in black) in Figure 33 (a) and (b) were recorded in a fresh portion of the 

electrolyte containing H2O2 after deposition of Mn
2+

 at the PCPE and ILPCPE, respectively. 

It is evident that much higher H2O2-reduction (cathodic) currents were observed in these CVs 
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than the CVs of H2O2 at the corresponding bare electrodes (Figure 13), confirming the 

deposition of a MnxOy film on both electrodes to form PCPE/MnxOy and ILPCPE/MnxOy. 

 

 

Figure 33: CVs of H2O2 at (a) PCPE/MnxOy and b) ILPCPE/MnxOy  

No obvious oxidation of H2O2 was observed at both of PCPE/MnxOy and ILPCPE/MnxOy. 

Both exhibited similar pattern of H2O2 reduction peaks, but in the case of the latter the peak 

height at 0.75 V was enhanced to prominence. This indicated the reduction of H2O2 at 

ILPCPE/MnxOy was faster or more efficient.  
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5.4 Effect of Electrolyte Type on MnxOy Electrodepsoition 

Electro-deposition CVs of Mn
2+

 at the three electrodes ((a) PCPE, (b) ILPCPE, (c) ILCPE) in 

different aqueous electrolytes (KCl, NaCl, KNO3, NH4Cl, LiCl, NaOAC, and NaClO3), each 

0.1 M, are shown from Figures 34 to 40. The potential ranges of study (+1.50 V to -1.80 V), a 

scan rate of 100 mV s
-1

, and potential scans of 20 cycles were kept the same for all. The 

electro-deposition processes were started by an initial anodic scan from 0 V to 1.5 V.  

5.4.1 Electrodeposition 

Aq. KCl as electrodeposition medium 

Figures 34a, b, and c show the electrodeposition CVs of Mn
2+

 at PCPE, ILPCPE, and ILCPE, 

respectively, in aq. KCl (0.1 M) solution. In all cases, two anodic and two cathodic peaks 

height grew with increasing scan number were observed. This indicated that the Mn
2+

 was 

successfully deposited at all electrodes. The respective first cycles shows a single anodic 

process and two cathodic peaks. A second and a lower-potential anodic peak was observed 

only as of the second cycle, indicating, by then, the surfaces of the electrodes was covered by 

a new film of material. As the electro-deposition process progressed, the anodic peaks shifted 

to more positive potentials and the cathodic to more negative potentials. This could be 

because of the increase in film resistance with the increase of film thickness as more and 

more layers of MnxOy were deposited. ILCPE and ILPCPE showed wider peaks with higher 

peak current compared to PCPE.  
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Figure 34: Multi-cycle CVs of Mn
2+

 at (a) 

PCPE, (b) ILPCPE, and (c) ILCPE in aq. KCl 

(0.1 M) solution.
 

c) 
 

Aq. NaCl as electrodeposition medium 

Figures 35a, b, and c show the electrodeposition CVs of Mn
2+

 at PCPE, ILPCPE, and ILCPE, 

respectively, in aq. NaCl (0.1 M) solution. In all cases, two anodic and two cathodic peaks 

height grew with increasing scan number were observed. This indicated that the Mn
2+

 was 

successfully deposited at all electrodes. The respective first cycles shows a single anodic 

process and two cathodic peaks. A second and a lower-potential anodic peak was observed 

only as of the second cycle, indicating, by then, the surfaces of the electrodes was covered by 

a new film of material. As the electro-deposition process progressed, the anodic peaks shifted 

to more positive potentials and the cathodic to more negative potentials. This could be 
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because of the increase in film resistance with the increase of film thickness as more and 

more layers of MnxOy were deposited. ILCPE and ILPCPE showed wider peaks with higher 

peak current compared to PCPE.  
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Figure 35: Multi-cycle CVs of Mn
2+

 at (a) 

PCPE, (b) ILPCPE, and (c) ILCPE in aq. 

NaCl (0.1 M) solution. 

b)  

Aq. KNO3 as electrodeposition medium 

Figures 36a, b, and c show the electrodeposition CVs of Mn
2+

 at PCPE, ILPCPE, and ILCPE, 

respectively, in aq. KNO3 (0.1 M) solution. In all cases, two anodic and two cathodic peaks 

height grew with increasing scan number were observed. This indicated that the Mn
2+

 was 

successfully deposited at all electrodes. The respective first cycles shows a single anodic 
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process and two cathodic peaks. A second and a lower-potential anodic peak was observed 

only as of the second cycle, indicating, by then, the surfaces of the electrodes was covered by 

a new film of material. As the electro-deposition process progressed, the anodic peaks shifted 

to more positive potentials and the cathodic to more negative potentials. This could be 

because of the increase in film resistance with the increase of film thickness as more and 

more layers of MnxOy were deposited. ILCPE and ILPCPE showed wider peaks with higher 

peak current compared to PCPE. 
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Figure 36: Multi-cycle CVs of Mn
2+

 at (a) 

PCPE, (b) ILPCPE, and (c) ILCPE in aq. KNO3 

(0.1 M) solution. 

(c)  
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Aq. LiCl as electrodeposition medium 

Figures 37a, b, and c show the electro-deposition CVs of Mn
2+

 at PCPE, ILPCPE, and 

ILCPE, respectively, in aq. LiCl (0.1 M) solution. In all cases, two anodic and two cathodic 

peaks height grew with increasing scan number were observed. This indicated that the Mn
2+

 

was successfully deposited at all electrodes.  
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Figure 37: Multi-cycle CVs of Mn
2+

 at (a) 

PCPE, (b) ILPCPE, and (c) ILCPE in aq. 

LiCl (0.1 M) solution. 

(c)  

As the electro-deposition process progressed, the anodic peaks shifted to more positive 

potentials and the cathodic to more negative potentials. This could be because of the increase 

in film resistance with the increase of film thickness as more and more layers of MnxOy were 
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deposited. ILCPE and ILPCPE showed wider peaks with higher peak current compared to 

PCPE. 

Aq. NH4Cl as electrodeposition medium 

Figures 38a, b, and c show the electro-deposition CVs of Mn
2+

 at PCPE, ILPCPE, and 

ILCPE, respectively, in aq. NH4Cl (0.1 M) solution. In all cases, two anodic and two cathodic 

peaks height grew with increasing scan number were observed. This indicated that the Mn
2+

 

was successfully deposited at all electrodes.  
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Figure 38: Multi-cyle CVs of Mn
2+

 at (a) 

PCPE, (b) ILPCPE, and (c) ILCPE in aq. 

NH4Cl (0.1 M) solution. 

(c)  
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As the electro-deposition process progressed, the anodic peaks shifted to more positive 

potentials and the cathodic to more negative potentials. This could be because of the increase 

in film resistance with the increase of film thickness as more and more layers of MnxOy were 

deposited. ILCPE and ILPCPE showed wider peaks with higher peak current compared to 

PCPE. 

Aq. NaOAC as electrodeposition medium 
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Figure 39: Multi-cyle CVs of Mn
2+

 at (a) 

PCPE, (b) ILPCPE, and (c) ILCPE in aq. 

NaOAc (0.1 M) solution. 

(c)  

Figures 39a, b, and c show the electro-deposition CVs of Mn
2+

 at PCPE, ILPCPE, and 

ILCPE, respectively, in aq. NaOAc (0.1 M) solution. In all cases, an anodic peak and two 

cathodic peaks height grew with increasing scan number were observed. This indicated that 
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the Mn
2+

 was successfully deposited at all electrodes. As the electro-deposition process 

progressed, the anodic peaks shifted to more positive potentials and the cathodic to more 

negative potentials. This could be because of the increase in film resistance with the increase 

of film thickness as more and more layers of MnxOy were deposited. ILCPE and ILPCPE 

showed wider peaks with higher peak current compared to PCPE 

Aq. NaClO3 as electrodeposition medium 

Figures 40a, b, and c show the electro-deposition CVs of Mn
2+

 at PCPE, ILPCPE, and 

ILCPE, respectively, in aq. NaClO3 (0.1 M) solution.  
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Figure 40: Multi-cyle CVs of Mn
2+

 at (a) 

PCPE, (b) ILPCPE, and (c) ILCPE in aq. 

NaClO3 (0.1 M) solution. 

(c)  
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In all cases, two anodic and two cathodic peaks which grew with increasing scan number 

were observed. This indicated that the Mn
2+

 was successfully deposited at all electrodes. As 

the electro-deposition process progressed, the anodic peaks shifted to more positive potentials 

and the cathodic to more negative potentials. This could be because of the increase in film 

resistance with the increase of film thickness as more and more layers of MnxOy were 

deposited. ILCPE and ILPCPE showed wider peaks with higher peak current compared to 

PCPE. 

5.4.2 Post-electro-deposition CVs in fresh Mn
2+

 solution-free electrolytes 

Post-electrodeposition CVs of different electrodes (a) PCP, (b) ILPCP, and (c) ILCP and in 

different electrolytes have been presented in Figures 41 to 47. The respective control CVs 

recorded before the electrodeposition process are overlaid as shown in the figure. Peak 

potentials and current have also been compiled in the corresponding tables.  

Aq. KCl solution as electrolyte 

The CVs MnxOy-modified electrodes in fresh aq. KCl (0.1 M) solution are presented in 

Figure 41. Its peak potential and anodic peak current data are compiled in Table 5.  

Comparing the pre- and post-electrodepostion CVs, one can conclude that the depostion of 

MnxOy on the surfaces of the PCPE and ILPCPE was successful, while it wasn’t as 

significant for the ILCPE. In the case of the ILCPE, the difference between these CVs was 

not as significant indicating a much smaller extent of deposition. PCPE/MnxOy exhibited two 

major anodic peaks and two major cathodic peaks. Eventhough the peaks of ILPCPE/MnxOy 

were broad and less resolved, the same number peaks as PCPE/MnxOy were evident. The 

potentials of the peaks of ILPCPE/MnxOy and ILCPE/ MnxOy were shifted to higher 

potentials as a result of which only one of the two anodic peaks were observed in potential 
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range investigated. Nevertheless, based on comparison of the anodic peaks heights, the 

largest amount of MnxOy was deposited on the ILPCPE, the next at PCPE.   
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Figure 41: CVs of (a) PCPE/MnxOy, (b) 

ILPCPE/MnxOy, and (c)  ILCPE/MnxOy in aq. 

KCl (0.1 M) solution. 

(c)  

Table 5: Values of Epa, Epc, and Ipa of MnxOy films formed in aq. KCl (0.1 M) solution. 

Electrode  Epa-I/ V Epa-II/ V Epc-I/ V Epc-II/ V Epc-III/ V Ipa-I/ µA                                                                 Ipa-II/ µA                                                                 

PCPE/MnxOy 0.5776 1.132 0.8786 0.356 -0.3326 -79.40 -108.1 

ILPCPE/MnxOy - 1.1043 0.5694 -0.5157 - - -260.3 

ILCPE/MnxOy - 0.9674 - - - - -75.10 
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Aq. NaCl solution as electrolyte 

The CVs MnxOy-modified electrodes in fresh aq. NaCl (0.1 M) solution are presented in 

Figure 42. Its peak potential and anodic peak current data are compiled in Table 6.  
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Figure 42: CVs of (a) PCPE/MnxOy, (b) 

ILPCPE/MnxOy, and (c)  ILCPE/MnxOy in 

aq. NaCl (0.1 M) solution. 

(c)  

Comparing the pre- and post-electrodepostion CVs, one can conclude that the deposition of 

MnxOy on all electrodes was successful. Two pairs of anodic and cathodic peaks were evident 

in each case. However, in the case of ILPCE/MnxOy and ILCPE/MnxOy the respective higher-
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overpotential anodic peaks lied outside the scan range. The peaks of these were also broader 

and less resolved. The potentials of the peaks of ILPCPE/MnxOy and ILCPE/ MnxOy were 

shifted to higher potentials as a result of which only one of the two anodic peaks were 

observed in potential range investigated. Nevertheless, based on comparison of the anodic 

peaks heights, the largest amount of MnxOy was deposited on the ILPCPE, the next at ILCPE. 

Table 6: Values of  Epa, Epc, and Ipa of MnxOy films formed in aq. NaCl as measured in fresh 

aq. NaCl (0.1 M) solution. 

Electrode  Epa-I/ V Epa-II/ V Epc-I/ V Epc-II/ V Ipa-I/ µA Ipa-II/ µA 

PCPE/MnxOy 0.532 0.875 0.822 -0.271 -87.9 -148 

ILPCPE/MnxOy 0.999 1.38 0.739 -0.434 -228 -300 

ILCPE/MnxOy 1.14 - 0.140 -0.721 -248 - 

Aq. KNO3 solution as electrolyte 

The CVs MnxOy-modified electrodes in fresh aq. KNO3 (0.1 M) solution are presented in 

Figure 43. Its peak potential and anodic peak current data are compiled in Table 7. 

Comparing the pre- and post-electrodepostion CVs, one can conclude that the depostion of 

MnxOy on all electrodes was successful. Two pairs of stable anodic and cathodic peaks which 

remained stable were evident, indicating the formation adherent films regardless of the 

electrode. The peaks also well resolved in each case. The peaks were observed at higher and 

higher potentials when going from left to right in the order PCPE/MnxOy < ILPCPE/MnxOy < 

ILCPE/MnxOy. Nevertheless, based on comparison of the anodic peaks heights, the largest 

amount of MnxOy was deposited on the ILPCPE, while there appeared to be no difference 

between PCPE/MnxOy and ILCPE/ MnxOy in this regard. 
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Figure 43: CVs of (a) PCPE/MnxOy, (b) 

ILPCPE/MnxOy, and (c)  ILCPE/MnxOy in aq. 

KNO3 (0.1 M) solution. 

(c)  

Table 7: Postdeposition Epa, Epc, and Ipa values of MnxOy films in aq. KNO3 (0.1 M) solution.  

Electrode  Epa-I/ V Epa-II/ V Epc-I/ V Epc-II/ V Ipa-I/ µA Ipa-II/ µA 

PCPE/MnxOy 0.637 1.35 0.729 0.290 -165 -288 

ILPCPE/MnxOy 0.856 1.29 0.790 -0.342 -180 -376 

ILCPE/MnxOy 0.873 1.18 0.797 -0.391 -199 -290 

Aq. LiCl solution as electrolyte 

The CVs MnxOy-modified electrodes in fresh portion of aq. LiCl (0.1 M) solution are 

presented in Figure 44. Its peak potential and anodic peak current data are compiled in Table 

8. Comparing the pre- and post-electrodepostion CVs, one can conclude that the depostion of 
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MnxOy on all electrodes was successful. Two pairs of stable anodic and cathodic peaks which 

remained stable were evident, indicating the formation adherent films regardless of the 

electrode type. The peaks also well resolved in each case, except for the two cathodic peaks 

of ILPCPE. The peaks were observed at higher and higher potentials when going from left to 

right in the order ILCPE/MnxOy < PCPE/MnxOy < ILPCPE/MnxOy. Nevertheless, based on 

comparison of the anodic peak heights, no significant difference was observed between them 

with regard to the  amount of MnxOy deposited. 
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Figure 44: CVs CVs of (a) PCPE/MnxOy, (b) 

ILPCPE/MnxOy, and (c)  ILCPE/MnxOy in aq. 

LiCl (0.1 M) solution. 

(c)  
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Table 8: Postdeposition Epa, Epc, and Ipa values of MnxOy films aq. LiCl (0.1 M) solution. 

Electrode  Epa-I/ V Epa-II/ V Epc-I/ V Epc-II/ V Ipa-I/ µA Ipa-II/ µA 

PCPE/MnxOy 0.865 1.35 0.763 0.031 -258 -304 

ILPCPE/MnxOy 0.951 1.40 - -0.381 -243 -307 

ILCPE/MnxOy 0.739 1.19 0.233 -0.349 -233 -322 

 

Aq. NH4Cl solution as electrolyte 

The CVs MnxOy-modified electrodes in fresh portion of aq. NH4Cl (0.1 M) solution are 

presented in Figure 45. Its peak potential and anodic peak current data compiled in Table 9. 

Comparing the pre- and post-electrodepostion CVs, one can conclude that the depostion of 

MnxOy on all electrodes was successful. Two pairs of stable anodic and cathodic peaks, 

which remained stable were evident, indicating the formation adherent films regardless of the 

electrode type. The peaks were also well resolved in each case. The peaks were observed at 

higher and higher potentials when going from left to right in the order PCPE/MnxOy < 

ILPCPE/MnxOy < ILCPE/MnxOy. However, based on comparison of the peak heights, the 

lowest amount of MnxOy was deposited on PCPE, while the highest was for the 

IPCPE/MnxOy. The quantity of the film on the latter electrode could as high as four times or 

more compared to the former, but only slightly higher relative to ILPCPE/MnxOy. 
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Figure 45: CVs CVs of (a) PCPE/MnxOy, (b) 

ILPCPE/MnxOy, and (c)  ILCPE/MnxOy in aq. 

NH4Cl(0.1 M) solution. 

(c)  

Table 9: Postdeposition Epa, Epc, and Ipa values of MnxOy films in aq. NH4Cl (0.1 M) solution. 

Electrode  Epa-I/ V Epa-II/ V Epc-I/ V Epc-II/ V Ipa-I/ µA Ipa-II/ µA 

PCPE/MnxOy 0.504 1.11 0.884 0.099 -28.3 -64.5 

ILPCPE/MnxOy 0.797 1.31 0.780 0.080 -118 -229 

ILCPE/MnxOy 0.831 1.25 - - -140 269 
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Aq. NaOAc solution as electrolyte 

The CVs MnxOy-modified electrodes in fresh portion of aq. NaOAc (0.1 M) solution are 

presented in Figure 46. Its peak potential and anodic peak current data are compiled in Table 

10.  
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Figure 46: CVs of (a) PCPE/MnxOy, (b) 

ILPCPE/MnxOy, and (c)  ILCPE/MnxOy in aq. 

NaOAc (0.1 M) solution. 

(c)  

Comparing the pre- and post-electrodepostion CVs, one can conclude that the depostion of 

MnxOy on all electrodes was successful. One major anodic only and two cathodic peaks were 

observed in this electrolyte which remained stable were evident, indicating the formation 
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adherent films regardless of the electrode type. It appears the two anodic peaks exhibited in 

the other electrolytes were not resolved in this case. For PCPE/MnxOy and ILPCPE/MnxOy 

the two cathodic peaks were well resolved, but only slightly with regard to the 

ILPCPE/MnxOy. The peaks were observed at higher and higher potentials when going from 

left to right in the order PCPE/MnxOy < ILPCPE/MnxOy < ILCPE/MnxOy. Based on 

comparison of the peak heights, the highest amount of MnxOy was deposited on ILCPE, and 

only about 50% and 10% deposited on the PCPE/MnxOy and ILPCPE, respectively. 

Table 10: Postdeposition Epa, Epc, and Ipa values of MnxOy films in aq. NaOAc (0.1 M) 

solution. 

Electrode  Epa-I/ V Epa-II/ V Epc-I/ V Epc-II/ V Ipa-I/ µA Ipa-II/ µA 

PCPE/MnxOy - 0.916 0.552 -0.164 - -35.0 

ILPCPE/MnxOy - 1.27 0.393 -0.375 - -419 

ILCPE/MnxOy - 1.34 0.251 -0.410 - -964 

Aq. NaClO3 solution as electrolyte 

The CVs MnxOy-modified electrodes in fresh portion of aq. NaClO3 (0.1 M) solution are 

presented in Figure 47. Its peak potential and anodic peak current data are compiled in Table 

11. Comparing the pre- and post-electrodepostion CVs, one can conclude that the depostion 

of MnxOy on all electrodes was successful. Two pairs of stable anodic and cathodic peaks 

which remained stable were evident, indicating the formation adherent films regardless of the 

electrode type. The peaks were also well resolved, except for the anodic peaks of 

PCPE/MnxOy. The position of peaks shift to higher and higher potentials when going from 

left to right in the order PCPE/MnxOy < ILCPE/MnxOy < ILPCPE/MnxOy. However, based on 

comparison of the peak heights, the highest amount of MnxOy was estimated for the 
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ILPCPE/MnxOy, followed by ILCP/MnxOy (about 33% less), which in turn followed by 

PCPE/MnxOy (about 85% less). 
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(b) ILPCPE/MnxOy, and (c)  ILCPE/MnxOy 
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Table 11: Postdeposition Epa, Epc, and Ipa values of MnxOy films in aq. NaClO3 (0.1 M) 

solution. 

Electrode  Epa-I/ V Epa-II/ V Epc-I/ V Epc-II/ V Ipa-I/ µA Ipa-II/ µA 

PCPE/MnxOy 0.147 1.07 0.797 -0.195 -9.05 -52.6 

ILPCPE/MnxOy 0.941 1.37 0.790 -0.417 -236 -344 

ILCPE/MnxOy 0.760 1.13 0.837 -0.376 -124 -253 

 

5.4.3 FTIR spectroscopic examination 

Paraffin, the ionic liquid, and their 1:1 mixture  

ATR-FTIR spectra of the paraffin oil (P), 1-methyl-3-octylimidazolium 

bis(trifluoromethylsulphonyl)imide (IL), and their 1:1 (v/v) mixture (P+IL) are presented in 

Figure 48. These were recorded in order to help identify the origin of IR absorption peaks in 

the IR spectra of CP materials. Though of the paraffin used in this study of spectroscopic 

grade, paraffin is in general known to be was a mixture of a wide range of medium-chain 

length, liquid alkanes with very low volatility. Its FTIR prominent peaks were assigned as 

follows: 2920 cm
-1

 (as CH2), 2852 cm
-1

 (as CH3), 1459 cm
-1

 (as CH3), 1377 cm
-1

 (s CH3), 

722 cm
-1

 ( CH3 rocking). The IL (structure given in Figure 2) exhibited far more number of 

peaks as expected from its larger number of types of functional groups than paraffin has. 

Because of its alkyl groups (1-methyl or 3-octyl), this one as well exhibited some similar 

peaks as paraffin: 2931 cm
-1

 (as CH2), 2861 cm
-1 

(as CH3), and 1469 cm
-1

 (as CH3). 

However, these common peaks were relatively weaker in intensity and blue-shifted in 

position by about 10 cm
-1

 relative to the corresponding peaks of paraffin. This was probably 

because, in the IL, these functional groups exist in a lower concentration and belong to alkyl 
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groups bonded to the N atom unlike their free counterparts in paraffin. The rest of the peaks 

were assigned as follows: s (C-F) at 1133 or 1179 cm-1;  (CF3) = 1348 cm
-1

, 653 cm
-1

, 613 

cm
-1

, 569 cm
-1

, and 510 cm
-1

; as(R2SO2) = 1348 cm
-1

; s(R2SO2) = 1179 cm
-1

 ; and (-C=N
+
-

R2) = 1573 cm
-1

. The absence of the s(N-H) peak near 3500 cm
−1

 is also a hall mark of the 

IL. The spectrum of the mixture of paraffin and the IL exhibited peaks originating from both 

components. The assignment of the above peaks was done with the help of text [104, 105] 

and a correlation chart in a handbook [106] 
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Figure 48: ATR-FTIR Spectra of the paraffin oil (P), ionic liquid (IL), and their 1:1 (v/v) 

mixture (P+IL)   
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Graphite, PCPE, ILPCPE, and ILCPE  

ATR-FTIR spectra of as prepared PCP, ILPCP, and ILCP are presented in Figure 49. The 

spectrum of the graphite powder is also included. Its peak features at 2088 cm
-1

, 2331 cm
-1

, 

and 2666 cm
-1

 were used as hallmarks of graphite particles in the pastes. These peaks were 

indeed observed for all of the fresh CPs. However, the first distinct effect of the paste 

formation, regardless of its composition, was the drastic shift of the base-line absorption to a 

higher average transmittance: from 40% to over 80%. This indicated a large proportion of the 

graphite particles had their surfaces covered by the liquid binders when the pastes were 

formed. The respective spectra unequivocally reflected the corresponding compositions. 

PCPE/MnxOy, ILPCPE/MnxOy, and ILCPE/MnxOy  

The ATR-FTIR spectra of PCPE/ MnxOy, ILPCPE/ MnxOy, and ILCPE/ MnxOy prepared in 

aq. KCl are shown in Figure 49 together with the spectra of the respective CPEs before 

electrodeposition. The most obvious change after electrodeposition was the attenuation to 

obscurity of the characteristic peaks of graphite particles (2088 cm
-1

, 2331 cm
-1

, and 2666 

cm
-1

) regardless of the CP. Indeed, the graphite particles are the only sites where 

electrodeposition of MnxOy is initiated. The electrodeposition resulted in a new cluster of 

particles with new morphology and optical characteristics masking the graphite particles. The 

second observation was that, regardless of the CP, the intensities of the paraffin and IL peaks 

decreased following the electrodeposition process. As the MnxOy film grew both in thickness 

and sideways, into the inter-particle spaces and then over the surface regions occupied by the 

binder causing the latter to be less available for IR absorption. Finally, it was not obvious if 

there were any new IR absorption peaks due to the MnxOy films deposited on ILPCPE and 

ILCPE. The PCPE/MnxOy, however, exhibited three new ones at 1217 cm
-1

, 1366 cm
-1

, and 

1737 cm
-1

. The future work will have to verify and explain these two interesting observations.
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Figure 49: ATR-FTIR spectra of graphite powder, PCPE, ILPCPE, and ILCPE. 
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Figure 50: ATR-FTIR spectra PCPE/ MnxOy, ILPCPE/ MnxOy, and ILCPE/ MnxOy 

prepared in aq. KCl (0.1 M) solution. The spectra of the CPEs before electrodeposition are 

also shown overlaid. 
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5.4.4 Scanning electron microscopic examination 

 

SEM images of surface samples of PCPE (a & a’), ILPCPE (b & b’), and ILCPE (c and c’) 

after the electrodeposition of Mn
2+

 in aq. KNO3 (0.1 M) solution (a, b, & c) and KCl (0.1 M) 

solution (a’, b’ & c’) are shown in Figure 51. Compairng each of these images with the 

images of the corresponding as-prepared fresh CPs samples (see Figure 14), one can see 

differences in shades and sub-micron features which might have been caused by 

electrodeposited clusters of MnxOy. It is the edges of the graphite flakes that appear to have 

been altered more significantly in contrast with their planar sides as the latter appear less 

sharper and brighter after electrodeposition of the metal oxide. Thus, eventhough no 

information was available on the morphology of the deposited MnxOy because insufficient 

resolution of the electron microscope, these SEM images confirm the electrodeposition of the 

Mn
2+

 was successful at all the CPEs - in agreement with the outcomes of the CV studies.  
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(a) (a’) 

  

(b) (b’) 

  

(c) (c’) 

Figure 51: SEM images of surface samples of PCPE (a & a’), ILPCPE (b & b’), & ILCPE (c 

& c’) after electrodeposition of Mn
2+

 in aq. KNO3 (a, b, & c) and KCl solution (a’, b’ & c’).  
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6. SUMMARY AND CONCLUSIONS 

Carbon paste electrode (CPE) materials containing 1-methyl-3-octylimidazolium 

bis(trifluoromethylsulfonyl) imide [MOIM[Tƒ2N] – a hydrophobic room temperature ionic 

liquid (IL) were studied in this work. CPEs with (a) the IL as the only binder (ILCPE) and (b) 

1:1 (v/v) IL: paraffin mixture as the binder (ILPCPE) were prepared, electrochemically 

characterized, and applied to the electrodeposition of films of multivalent transition metal 

oxides (MV-TMO) from five precursor ions (Fe
2+

, Mn
2+

, Cu
2+

, Co
2+

, Ce
4+

) in aq. KCl (0.1 

M) solution. The study also included the CV and EIS investigation of the electrode kinetics of 

the Fe(CN)6
3-/4

 redox system at these electrodes.  

The IL caused an increase in background current of the CPE by about 100-folds relative to 

paraffin. In this regard, the electrodes compared according to following decreasing order: 

ILCP (~2.5 mA cm
-2

) > ILPCP > PCP (~0.05 mA cm
-2

). Even though the best, i.e. back-

ground peak free, working-potential ranges were +1.2 to -1.3 V (ILCP) and +1.0 to -1.2 V 

(ILPCP) in aq. KCl (0.1 M) solution, a potential window of +1.5 V to -1.8 V was available 

regardless of the CPE.  

According to EIS results, the ILPCPE in aq. KCl (0.1 M) solution exhibited the behavior of a 

two-phase interface in contrast with the PCP and ILCP. The ILCPE/electrolyte interface 

exhibited a higher capacitive property than the PCP by more than three orders of magnitude 

as measured by the TCPE parameter. However, the PCPE/electrolyte behaved more as an ideal 

capacitor than the other two which exhibited diffusion-like pseudo capacitive processes.  

The electrode reaction of the redox-probe Fe(CN)6
3-

 at these IL containing CPEs electrodes 

was faster than at the PCPE; however, most of the differences in the magnitudes of peak 

currents among the electrodes appeared to be because of differences in effective surface 
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areas. The redox potential of the Fe(CN)6
3-/4-

 was not significantly affected by the ionic liquid 

and remained about 200 mV.  

The IL enhanced the reduction peak current of the transition metal ions at the CP electrodes 

in aq. KCl, but it shifted the peak potentials to higher overpotentials. Changes in peak height 

and potential with cycle number strongly indicated the occurrence of alterations in surfaces of 

both PCP and ILPCP electrodes. This indicated that the electrode reaction was influenced by 

the presence of the ionic liquid. Formation of electrodeposited films onto the CPEs was 

confirmed for Fe
2+

, Co
2+

, and Mn
2+

 by new and stable post-electrodeposition cathodic and 

anodic peaks. Relative values these new peaks (peak heights) indicated that the amount of the 

electrodeposit films on the ILPCPE surface was much higher than that for the other two 

electrodes. CVs of H2O2 as a redox probe supported the same conclusions.  

The electrodeposition of Mn
2+

 was effective in seven types of aqueous electrolytes (KCl, 

NaCl, NH4Cl, NaClO3, LiCl, KNO3, CH3COONa) according the hallmarks observed during 

the respective electrodeposition and post-electrodeposition CVs. The formation of 

electrodeposited films was confirmed by the disappearance of the IR peaks characteristic of 

graphite particles, and appearance of new shades and submicron features in the ATR-FTIR 

spectra and SEM images recorded for surface samples after electrodeposition.  

This study demonstrated that the use of this IL alone or in combination with paraffin as a 

binder in the development of viable alternative CPE materials with superior performance for 

the electrodeposition of MV-TMOs films than the traditional paraffin CPE. In combination 

with the advantages of easy preparation methods and physical “morpheability” in to any 

shape, these CPEs will be more useful in electrochemical technologies based on high-surface 

area MV-TMO films in general, and MnxOy films in particular. For instance, these could be 

supercapacitors, solar cells, and water and atmospheric treatment technologies. Their broad 
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potential windows meant the ILPCPE and ILCPE provide an alternative, electrochemically 

inert surface for the study and sensing of a wide range of substances. 
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