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Ψ dimensionless number relating kinetics,

mass transport and experiment duration

ρ density

11



Abbreviations and symbols

12



1. Introduction

Ionic liquids (ILs) are a class of materials that currently enjoy great popu-

larity in the scientific literature due to their unusual physical properties.

Some ILs remain liquid until well below the freezing point of water, while

still exhibiting negligible vapour pressure at ambient conditions and a

decomposition temperature of 200 ◦C [1]. Some also show no miscibility

with water, allowing the development of novel separation processes [2]. In

addition, some ILs are so stable with respect to electrochemical decompo-

sition, that reactive metals, such as sodium and lithium can be deposited

from them [3]. It is this last property that initially motivated the work

performed in this thesis.

The first major problem encountered is that the majority of ILs are pro-

hibitively expensive and likely to remain so in the foreseeable future.

This precludes their use in anything other than niche applications. For

this reason the subject of this thesis is an IL based on the combination of

ethylene glycol and choline chloride, which is known as ethaline. Ethaline

exhibits similar physical and chemical properties to ILs based on the chlo-

ride anion, is stable under ambient conditions, cheap and biodegradable.

It the most conductive and least viscous member of a group of materials

known as deep eutectic solvents (DES) [4]. The status of DES as ILs is

ambiguous due to the absence of any conclusive evidence that the chloride

ion forms a discrete anionic complex with hydrogen bond donors, such as

ethylene glycol. However, if one can look past this one weakness, then in

all other respects they have more in common with chloride based ILs than

traditional molecular solvents.

Since ethaline is not particularly stable with respect to electrochemical

decomposition the second major problem encountered in this work was

13



Introduction

what metal could be studied without the added complication of this de-

composition reaction. Based on the experience of the supervisor it was

decided to study copper and this immediately proved to be an excellent

system to test a range of electrochemical techniques.

However, since the electrodeposition of copper from water is so simple

the third problem encountered was what work could usefully be done?

When the pioneering electrochemical studies carried out by the groups of

Hussey [5], Osteryoung [6] and Wilkes [7] in the early nineteen-eighties to

characterize the electrochemistry of a range of elements in chloroalumi-

nate ILs was compared with contemporary electrochemistry using modern

ionic liquids it became clear that the quantitative characterization of the

key parameters that describe electrochemical processes, and which allow

direct comparison of one system with another, has largely fallen out of

fashion.

The common trend in modern research is to perform simple cyclic voltam-

metric measurements to identify the approximate location of some pro-

cesses, followed by deposition and characterization of the deposit formed

[8][9]. Much greater emphasis is placed on studying the morphology, crys-

tallographic orientation and composition of the deposit than the process

by which it is arrived at.

Since there has also been significant progress in the range of electro-

analytical techniques available it seemed a reasonable objective to per-

form studies that would utilize these techniques to quantitatively com-

pare an electrochemical process in ethaline and the other ILs. This is

the work contained in publication I. This demonstrated the similarity be-

tween ethaline and chloride-rich ILs with regards to the copper complex

formed and the properties of the redox reaction between Cu+ and Cu2+.

Viscosity and conductivity are two of the most important properties of

any ionic liquid. This is because in this respect ionic liquids are inferior

to molecular solvents at ambient conditions, often by many orders of mag-

nitude [10]. This is a crucial weakness, since the technical application

of ionic liquids would be limited to a few niche processes if these proper-

ties could not be improved, at least partially, by increasing temperature.

The characterization of viscosity as a function of temperature is a non-
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trivial activity for chloride rich ionic liquids due to the corrosivity of ILs

towards the majority of materials used to manufacture rheometers. For

this reason, techniques that utilize electrochemical measurements at the

rotating disc electrode (RDE) to quantify both conductivity and viscosity

of ethaline over a range of temperatures were developed. In addition the

use of the RDE to both simplify and improve the accuracy of methods to

characterize the properties of electrochemical processes is shown. This is

the work presented in publication II.

At this point the work undertaken was solely of interest to members

of the academic community interested in electroanalytical techniques or

electrochemistry in ILs, with no obvious technical utility. Additionally,

with the benefit of a few years experience, the disappointing realization

was made that ILs are often, in the opinion of the author, overhyped as

media for electrodeposition. This is because the majority of metals can

be deposited with significantly less cost and greater efficiency from water

(the ultimate green solvent) [11]. Additionally, the deposition of reactive

metals, such as lithium or aluminium, from ILs demands scrupulous pu-

rity of the liquid and operation under an inert atmosphere. These are

essentially the same demands placed on identical processes when they

were performed in haloaluminate ILs some sixty years ago by Hurley and

Weir [12] or in modern processes based on organic solvents, such as the Si-

gal process to deposit aluminium on steel from toluene [13]. If the current

generation of ILs do not solve the problems that have prevented the devel-

opment of commercially competitive electrodeposition processes based on

haloaluminates, then what hope do they have of succeeding? This ques-

tion appears to be largely overlooked by the parts of the IL community

studying electrodeposition applications.

The problem of what might possibly be a useful electrochemical applica-

tion for ILs was answered when the fields of redox flow batteries (RFBs)

and molten salt batteries were examined. Molten salt batteries, such as

the Zebra battery, are energy storage systems exhibiting similar perfor-

mance to lithium batteries [14]. Since ILs are simply molten salts that

happen to be liquid below 100 ◦C it is eminently reasonable to imag-

ine that they could be utilized in a low temperature molten salt battery.

As the mass transport properties of ILs are poor at lower temperatures,

such a battery benefits substantially from the introduction of convection,
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which naturally leads to construction of an RFB. In publication III this

was demonstrated for the first time in any DES by applying the same re-

dox reaction that had been studied in publication I and II.

RFBs and molten salt batteries are potentially major building blocks

in the development of a sustainable energy system due to their scalabil-

ity and reliable performance over many thousands of cycles [15]. The

amount of materials required to achieve significant balancing of the elec-

tricity grid dwarves any previous application of battery technology [16].

The problem of materials availability then arises. For this reason in pub-

lication IV the electrochemistry of iron and iron chloride salts was studied

in ethaline and applied in a RFB. This showed that for chloride based sys-

tems the transition from a nominally aqueous system to a DES did not

change any of the fundamental characteristics of the system.

In summary, this thesis illustrates a range of techniques to character-

ize the parameters that quantitively describe the performance of electro-

chemical processes. The utility of these methods as a means to under-

stand the problems that limit performance in RFBs is examined. The

similarity between DES and chloride-rich ILs is amply demonstrated. Fi-

nally, the successful development of a range of RFB chemistries based on

ethaline is shown.
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2. Ionic liquids and Deep Eutectic
Solvents

The class of materials known as ionic liquids (ILs) are generally defined

as highly dissociated salts, containing only discrete cations and anions,

that are molten below 100 ◦C [17]. A typical ionic liquid has an extremely

low volatility, compared to water or typical organic solvents. It is likely

that materials which fit such a definition have been known to at least part

of the scientific community throughout modern times. However, the gen-

erally accepted point at which the field is considered to begin is the report

by Paul Walden of the conductivity and viscosity of a material he termed

an ’ionic liquid’ in 1914 [18].

The liquid he studied, ethyl ammonium nitrate, can be formed by the

reaction of nitric acid with ethyl amine, it is shown in figure 2.1. The

ammonium cation formed contains numerous hydrogen substituents and

therefore the first IL to be reported belonged to a group of ILs known as

protic ionic liquids.

2.1 Haloaluminates

The next phase was the development of ILs based on anionic haloalumi-

nate complexes. Initially, bromide and chloride salts were both studied

[12]. However, the field rapidly narrowed to consider only the chlorocom-

plexes. Simultaneously, progress was made in the development of organic

cations with exceptional electrochemical stability, such as the alkyl sub-

stituted imidazolium family. These ionic liquids can be prepared by re-

acting a suitable chloroalkane with an alkylimidazole to form an imida-

zolium chloride (ImCl) [19]. This is followed by combination with varying

amounts of AlCl3 to form a range of complexes, as shown in equations 2.1

and 2.2.
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Figure 2.1. Structure of the various cations and anions discussed in this chapter

AlCl3 + ImCl −−⇀↽−− Im+ + [AlCl4]
− (2.1)

2AlCl3 + ImCl −−⇀↽−− Im+ + [Al2Cl7]
− (2.2)

In the chloroaluminate system three anionic species are relevant. They

are Cl–, [AlCl4]– and [Al2Cl7]–. The relative prevalence and identity of

each as a function of composition has been established using a range of

techniques such as NMR spectroscopy and potentiometric titration [20].

A typical dependency is shown in figure 2.2.

This correlates well with the variation in the physical properties of the

system, such as melting point, Tm, shown in figure 2.3. Chloroaluminate

systems with an excess of chloride ions, corresponding to a mole fraction

of AlCl3, xAlCl3
, greater than 0.5 are considered to be Lewis acidic, i.e.

they are capable of accepting a pair of electrons. Those with xAlCl3
less

than 0.5 are Lewis basic. In the opinion of the author it is simpler to talk

about a chloride rich or a chloride poor system to distinguish between the

basic or the acidic situation.

In addition to melting point, the prevalent anionic chloroaluminate com-

plex also changes the cathodic limit of the liquid. In the case of acidic
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Figure 2.3. Phase diagram of the EMIM Cl - AlCl3 system. The chloride rich ’basic’ re-
gion and the chloride poor ’acidic’ region, as well as the neutral compostion
are shown. The darker shaded areas indicate the regions where a typical
solid-liquid transition is observable, the lighter shaded areas indicate regions
where a glass transition is observed. Adapted from [7]

chloroaluminates deposition of metallic aluminium is possible. The ability

to deposit aluminium, or even more electronegative materials from Lewis

basic chloroaluminates, has resulted in this class of liquids remaining a

subject of ongoing interest to the IL community.

2.2 Air and moisture stable ionic liquids

The current boom in ionic liquids research was initiated by the recogni-

tion that chloroaluminate anions were a limiting factor, as their reactivity

towards both oxygen and water required experiments to be performed un-

der an inert atmosphere. Their substitution by air and moisture stable
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anions, such as acetate or triflate, allowed the study of ionic liquids by a

wider range of scientists and their application in a much broader range of

processes, such as biomass treatment.

The development of ever more exotic fluorine substituted anions, such

as trifluorosulfonylimide (TFSI) shown in figure 2.1, has led to the de-

velopment of hydrophobic ionic liquids. These ILs are immiscible with

water, although they will show some mutual solubility [21]. It is worth

noting at this point that many materials that were widely used prior to

the popularity of ionic liquids are in fact hydrophobic ionics liquids. A

prime example is trioctylmethylammonium chloride (Aliquat 336), which

is a phase transfer agent widely used in organic chemistry since 1971 and

which is immiscible in water, inspite of the chloride anion [22].

2.3 The pros and cons of Ionic Liquids

At this point is seems appropriate to clearly identify the four main prob-

lems which limit the application of ionic liquids in industrial electrodepo-

sition processes.

Firstly, the stability of modern ionic liquids against reaction with air and

water does not necessarily mean they can be applied successfully without

the use of a protective atmosphere. Water and oxygen can both be ab-

sorbed and will interfere with the electrodeposition of a reactive metal

[23, 19].

Secondly, ionic liquids have poor transport properties compared to molec-

ular solvents, such as water. For instance, they are at least an order

of magnitude more viscous than molecular solvents, which leads to slow

transport of diffusing species in the case of a heterogeneous reaction, such

as electrodeposition [19]. Additionally, their conductivity is typically two

orders of magnitude lower than common aqueous electrolytes. This neg-

atively impacts electrodeposition processes, since such an electrolyte will

have poor throwing power (which leads to uneven deposition) and give

higher Ohmic losses than a molecular solvent at a similar current density.

Thirdly, their status as ‘green solvents’, which is apparently derived en-

tirely from their low vapour pressure, is unfounded. They are often toxic

20



Ionic liquids and Deep Eutectic Solvents

and the means for their eventual disposal is largely unknown [24].

A final problem is that they are expensive, especially if a high purity is

required. They are also only available in small quantities, with the ton

scale being a typical upper limit.

Inspite of these problems there are some noteworthy examples of com-

mercially successful processes and technically impressive electrodeposi-

tion studies. An example of the former is the BASIL process to produce

alkoxyphenylphosphines [25].

An example of an impressive electrodeposition process is the prepara-

tion of Si, Ge and Si-Ge alloys exhibiting a tuneable bandgap [26]. Such a

process could, perhaps, revolutionize the manufacture of solar panels, by

allowing the preparation of similarly large monolithic silicon solar panels

as was achieved over ten years ago for cadmium-telluride panels [27]. Al-

ternatively, it could allow the manufacture of large, energy-efficient light-

ing panels.

2.4 Deep Eutectic Solvents as analogues of Ionic Liquids

Given the limitations to mainstream ILs outlined above, there is a clear

motivation for the development of ILs, or materials with similar physical

and chemical properties, that are based on compounds that are biodegrad-

able, affordable and available in large quantities with high purity.

The first such material to gain widespread interest was the combination

of trimethylethanolamine (choline) chloride and urea [28]. The structure

of choline is shown in figure 2.1. This material and a range of similar

materials where urea is substituted by carboxylic acids [29] or glycols [4]

were developed by Abbott and coworkers. Taken together these are re-

ferred to as deep eutectic solvents (DES).

The DES used in this thesis is a mixture of choline chloride and ethylene

glycol, combined in a 1:2 molar ratio, which is known as ethaline. Etha-

line has the lowest viscosity and highest conductivity of all DES reported

to date and has been studied by a number of groups for over five years

[30, 31, 32].
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Since ethylene glycol is a liquid at ambient conditions and no studies de-

tailing the liquid-solid phase transition for this DES have been published,

there is some ambiguity as to whether the stoichiometry commonly used

corresponds to a eutectic composition. Additionally, during electrochem-

ical studies using transition metal chloride salts the solute can signifi-

cantly compete with ethylene glycol in the complexation of chloride. At

this point the system can become a ternary eutectic.

While the initial tendency was to label these materials as ionic liquids,

it would appear that after a period of grace the academic community no

longer tolerates such sloppy classification. The popular hypothesis was

that the chloride anion forms a discrete hydrogen bonded complex with

the other component of the mixture. The primary evidence to support

this was based on mass spectroscopy measurements using fast ion bom-

bardment (FAB-MS) [33]. The comparability of the bombarded state to

bulk conditions was always questionable and recent work by Seddon has

shown that FAB-MS results are likely to provide little or no indication of

the actual state in an unperturbed liquid [34]. The structure of DES at

the molecular level is therefore unknown and there is no evidence to sug-

gest that they are essentially different from any other mixture of a polar

molecular solvent and a chloride salt.

Thankfully, parallel studies were underway at this laboratory to inves-

tigate the properties of the copper chloride system in a widely accepted

IL, namely butylmethylpyrollidinium (BMP) TFSI [35, 36]. The similar-

ity exhibited by the complexes formed in BMP TFSI and the DES studied

here, as well as the comparability with earlier reports for chloroaluminate

ILs, persuaded the author that even if DES are not strictly speaking ILs,

they are sufficiently similar to be considered analogues of ILs and equally

worthy of study.

Work by other authors has demonstrated the successful deposition of

nickel [37], zinc [38], copper [31], iron [39] and chromium [40] using DES.

It is worth noting that all these elements can be deposited with relative

ease and greater efficiency from aqueous solutions [11].
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2.5 Transition metal complexes in chloride rich ionic liquids and
deep eutectic solvents

Although the chemistry of the chloroaluminate system is by far the most

widely reported, other transition metal halides were also studied at around

the same time, these include CuCl2, FeCl3 and ZnCl2. These all form

a variety of chlorometallate anions. In the case of chlorocuprates the

dominant anionic complex was shown by Scheffler and Thompson to be

[CuCl4]2– [41]. Amuli et al. showed the presence of both [CuCl4]2– and

[CuCl3]– anions in trimethyl phosphate [42]. The [CuCl4]2– complex is

also formed in concentrated HCl solutions [43]. Naturally, a related group

of chlorocuprate complexes also exist for the Cu(I) oxidation state. These

have been shown by Bolkan and Yoke to be [CuCl3]2– and [CuCl4]3– [44].

Sitze et al. are among a number of authors to study the formation of

chloroferrate complexes [45]. They reported the formation of ionic liquids

based on both the divalent [FeCl4]2−, trivalent [FeCl4]− and [Fe2Cl7]−

complexes. The latter complex forms when an excess of FeCl3 is present in

the liquid. Chloroferrate ILs based on the combination of BMIM Cl and

FeCl3 have been shown by Angell to possess some of the best transport

properties reported for ILs, exceeding those of liquids with an identical

cation and a modern, fluorinated anion [10, 46]. Abbott et al. have also

reported the preparation of a chloroferrate ionic liquid based on the same

choline cation used in DES, although this only forms a liquid at 65 ◦C [47].

Abbott et al. have recently utilized Extended X-ray absorption fine

structure (EXAFS) analysis to demonstrate that in ethaline zinc is coor-

dinated by four chloride ions [38], this suggests a [ZnCl4]2− complex. This

is compatible with work on choline based chlorozincate ILs, where a low

melting stoichiometry occurs at the 2:1 molar ratio of ZnCl2 to ChCl [47].

Liu et al. have shown using DSC that the lowest melting stoichiometry

is the 3:2 ChCl:ZnCl2 ratio, corresponding to a 2:1 mixture of [ZnCl4]2−

and [Zn2Cl6]2− anion complexes [48]. Estager et al. have shown that the

[ZnCl4]2− complex dominates in chloride rich media [34], however as the

ZnCl2 content increases a range of polyatomic complexes, including the

[Zn2Cl6]2− anion, are formed.
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3. Experimental techniques in ionic
liquids and deep eutectic solvents

Although the same techniques are applicable in ILs as in any other elec-

trolyte system, the poor conductivity of ILs, compared to aqueous elec-

trolytes, means that particular care has to be paid to the issue of Ohmic

losses.

Irrespective of the electrolyte, the primary motivation when applying

these experimental techniques is to quantitatively describe the proper-

ties of processes and devices, e.g. electrodeposition throughput or battery

performance, in such a way that we can understand what will limit perfor-

mance and where effort can best be spent to achieve useful improvements.

As mentioned in the introduction, the range of quantitative electrochem-

ical techniques which had been utilized in the study of DES were rather

limited. Therefore a significant part of this thesis describes the work un-

dertaken by the author to successfully apply additional techniques. Work

was also undertaken to develop new techniques, which are also described

here.

A typical experimental technique consists of three parts:

Conceptual Framework: This is the generalized image we have of how a

system functions. Often it appears indistinguishable from the mathe-

matical description. The important aspect of the framework is that it

is general, i.e. it is common to a wide range of techniques. Often these

descriptions assume a dogmatic status. A prime example of this is dif-

fusion, which can so often be successfully described by the model of Fick

that the two become almost inseparable. The same conceptual frame-

work may serve other purposes too, such as indicating how we might
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use the physical parameters determined using an experimental tech-

nique to model the properties of a hypothetical device or process.

The relevance of the framework, when describing an experimental

technique, is that it often includes assumptions or simplifications that

limit the range of situations over which a technique can yield reliable

results. For instance, diffusion can only be accurately described by the

model of Fick for dilute systems. This is particularly important during

the design of experiments.

Theory: This is typically a simple mathematical description of how the

system responds to the application of a particular technique. This also

indicates how the technique can be used to determine some parameter

of the system, such as the diffusion coefficient of a species, from the

observed response.

Instrumentation: This consists of the hardware and software used to per-

form the experiment. Since the successful application of a technique is

entirely dependent on the selection and use of appropriate instrumen-

tation this is a not a trivial element. Given the key role of software in

modern electrochemical instrumentation, it could also be argued that

the computational methods used to process the data collected during an

experiment is also part of the instrumentation, since it can also signifi-

cantly bias the outcome.

3.1 Conceptual Framework

The techniques applied in this work generally deal with the quantification

of one or more of the processes that take place during a heterogeneous

electrochemical reaction at an electrode surface. As shown in figure 3.1,

there are three stages in a heterogeneous electrochemical reaction: trans-

port of dissolved species to the surface, transfer of electrons across the

interface and transport of products away from the surface.

In this thesis Fick’s first law is used to describe the transport of mat-

ter to and from the electrode. This model assumes that the species be-

ing studied is present in a much lower concentration than the supporting
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Figure 3.1. A simple heterogeneous reaction at an electrode surface

electrolyte, which in this case is the DES itself. Otherwise the effect of

migration, due to the presence of an electric field in the vicinity of the

electrode surface, needs to be taken in to account. For the example shown

in figure 3.1 the molar flux density of species R, NR, is related to the local

gradient in the concentration of R, CR, by its diffusion coefficient, DR, as

shown in equation 3.1 where x is the distance from the electrode surface.

NR = −DR
dCR

dx
(3.1)

Naturally, the rate at which a species can transfer through an electrolyte

is related to the dynamic viscosity, η. The common way in which to express

this is in the form of an effective hydrodynamic radius, rH, which is also

known as the Stokes radius. This approximation assumes that at the mi-

croscopic level the electrolyte is a perfectly homogeneous medium and the

diffusing species perfectly spherical. While neither assumption is plausi-

ble for ILs or DES this appears to be the best model available and results

in the Stokes-Einstein equation given below.

D =
kBT

6πηrH
(3.2)

In equation 3.2 kB is the Boltzmann constant and T is temperature. The

conversion of R to O+, shown in figure 3.1 and equation 3.3, involves the

transfer of an electron from R to the electrode.

O+ + e−
kf−⇀↽−
kb

R (3.3)

The energy required to add or withdraw an electron to or from the elec-

trode is homogeneous throughout for good conductors and equals the work
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function of the electrode. This simple fact means that the Gibbs energy of

the reaction depends on the electrode potential and we can drive the reac-

tion in either direction by adjusting the electrode potential. The simplest

and most common model to describe this dependency is the Butler-Volmer

model (B-V model). In the B-V model the two rate constants, kf and kb

in equation 3.3, depend exponentially on the difference between the elec-

trode potential, E, and the formal potential, E0′ , of the reaction as shown

in equations 3.4 and 3.5.

kf = k0 exp(−αf(E − E0′)) (3.4)

kb = k0 exp((1− α)f(E − E0′)) (3.5)

In equations 3.4 and 3.5 k0 and α are the heterogeneous rate constant

and charge transfer coefficient of the reaction respectively and f = F/RT .

F is the Faraday constant and R is the ideal gas constant. k0 indicates

how facile the reaction is, while α indicates whether the forward or back-

ward reaction is more facile. If no other electrochemical reactions occur

at the electrode surface then all the current due to Faradaic processes,

IF will be attributable to the reaction shown in 3.3. Simultaneously the

molar fluxes of R and O will be equal and opposite and also proportional

to IF, as shown in equation 3.6.

IF
nFA

= −DR
dCR

dx
= DO

dCO

dx

= kbCR − kfCO

= k0
(
CR exp((1− α)f(E − E0′))− CO exp((−α)f(E − E0′))

) (3.6)

Where n is the number of electrons transferred. The ability to both con-

trol and quantify the rate of a chemical reaction by adjusting the electrode

potential and measuring the electrical current respectively is a uniquely

powerful aspect of electrochemistry, with only photochemistry showing re-

motely comparable ease of control.

A complicating factor is that charging of the electrode surface occurs

in parallel to the electrochemical reactions taking place. This does not

involve transfer of electrons across the surface, simply rearrangement of

charged species in solution resulting in a change of the charge on the elec-

trode. Because it does not involve charge transfer across the interface it is

a rapid process which can essentially be treated as charging of a capacitor
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with capacitance Cdl.

Finally, for both these processes to take place there needs to be a com-

plete electrical circuit. This requires a second electrode and for current

to pass through the electrolyte. Since a finite separation exists between

the reference point in the circuit against which we measure the electrode

potential and the electrolyte possesses a finite conductivity, κ, this mani-

fests itself as a resistance, Rs. For a flat, disc shaped electrode, set in an

inert surface, with the reference point set sufficiently far from the elec-

trode surface, Newman has shown that Rs is related to κ by the relation

shown in equation 3.7, where a is the electrode area.

Rs = (4κa)−1 (3.7)

As was mentioned in the introduction, the transport properties of ILs

are relatively poor at ambient conditions. A model to describe the manner

in which these properties depend on temperature is therefore desirable.

The most widely used model is that developed by Arrhenius, which is

shown in equation 3.8.

k = A exp

(−Ea

RT

)
(3.8)

This assumes that the rate at which a given process takes place, k, is

proportional to the thermal energy of the system, RT , and a fixed activa-

tion energy, Ea. A is the preexponential factor. The physical significance of

A depends on both the phenomena being studied and the choice of concep-

tual framework. In the case of the Butler-Volmer model, which is based on

the simplest form of transition state theory, A can be further interpreted

in terms of the Eyring equation. Such an interpretation requires that

additional information regarding the partition function of the activated

complex is available, typically from spectroscopic measurements and that

such a simple model is appropriate. In this work the Arrhenius model

has been found to be highly satisfactory and allows a simple comparison

of the effect of changing temperature on different processes. The alter-

native Vogel-Fulcher-Tammann (VFT) equation is popular for ILs and its

use is certainly justifiable on strictly theoretical grounds [46]. The VFT

equation is shown in equation 3.9.

k = A exp

( −Ea

R(T − T0)

)
(3.9)
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Since the VFT equation introduces an additional parameter, in the form

of an ideal glass transition temperature, T0, to the Arrhenius equation it

should be no surprise that it may provide a better fit of experimental data.

However, in itself this is no proof that its choice is a valid one. Ideally,

measurements should be performed over a wide range of temperatures,

especially including the region close to T0, where the difference with the

Arrhenius model is most strongly pronounced. T0 itself is not a directly

observable property of a liquid, although it should be located below the

observable glass transition temperature, Tg. The use of the VFT equation

makes it extremely difficult to compare the temperature dependency of

processes, unless they are all assumed to have the same value of T0.

This is one example of the choice that needs to be made during interpre-

tation of experimental results. More sophisticated and accurate models

certainly exist for all parts of the framework given above, but these are

often purely of interest to a minority. What the majority want to do is to

compare the behaviour of different systems with the least effort possible,

this leads naturally to the emergence of a dominant conceptual frame-

work. As time passes, the literature becomes dominated by results which

have been interpreted in terms of this framework and attempts to in-

terpret results using a new framework can then become problematic, as

the parameters a new framework produces will not necessarily be readily

comparable with those of the dominant framework.

3.2 Instrumentation

3.2.1 Potentiostat

The instrument at the heart of the experimental system used in this the-

sis was a Solartron 1286 potentiostat (SL1286). A potentiostat is funda-

mentally an analogue device that allows the potential at one electrode to

be controlled with great precision relative to a second electrode. These are

the working electrode (WE) and reference electrode (RE) respectively. Im-

portantly, the potentiostat ensures that minimal current passes through

the RE. Instead the current passing through the WE is matched by an

equal and opposite current passing through a third electrode, which is

the counter electrode (CE). A potentiostat also has a range of resistors
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which it can rapidly switch between to monitor current with high preci-

sion. A typical example is the SL1286, which extends over a range from

2A to 2μA, which is six orders of magnitude. The ability to sample over

such a wide dynamic range within one experiment is another remarkable

aspect of electrochemical measurements.

To minimise the effect of Ohmic losses in the cabling and connectors be-

tween the WE and potentiostat the Solartron 1286 provides two separate

terminals to connect the WE. One is used to transfer current (labelled

WE) and the other is used to monitor the WE potential (labelled RE1).

This configuration also allows additional experimental techniques, such

as those utilised during DC conductivity measurements.

Additionally, modern potentiostats also allow the compensation of Ohmic

losses due to Rs. In this thesis this was achieved by measuring the impedance

of the system and applying positive feedback. The SL1286 also allows the

application of a 10 Hz low pass filter on the current and potential follow-

ers. This option was used during slow voltammetric measurements and

potential step experiments.

Although it is common to refer to this kind of instrument as a poten-

tiostat, a more accurate name might be ’electrochemical interface’. This

is because the same instrument is often used to control current, at which

point it functions as a galvanostat. This mode of operation is used exten-

sively during long term studies of RFBs.

3.2.2 Electrochemical cell

With the exception of the conductivity measurements and the RFB mea-

surements the same electrochemical cell was used in all measurements.

It consists of a jacketed glass vessel connected to a thermostat. The only

unsealed opening in the teflon lid is an 8mm orifice through which the

shaft of the WE passes. During operation constant slow purging of the

headspace is maintained using nitrogen (99.99%). The volume of elec-

trolyte required to fill this cell is 25 ml. The temperature of the elec-

trolyte was continuously monitored using a glass encased thermocouple.

The counter electrode was a platinum (Pt) spiral and the reference elec-

trode was a Pt wire quasi reference electrode (QRE), these were connected

to the potentiostat by sealed contacts passed through the teflon lid.
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In addition to the QRE, an Ag/AgCl reference was prepared and used to

quantify drift in the reference potential provided by the QRE. This elec-

trode was prepared by anodizing a silver wire (1 mm diameter) in 0.1 M

HCl followed by rinsing with ethanol and drying with a nitrogen stream.

This was then fitted in a glass capillary to prevent contamination of the

electrolyte due to corrosion of metallic silver by oxidising species in the

bulk solution. Once the cell was assembled and filled with electrolyte the

capillary was filled with the same electrolyte present in the bulk.

The working electrodes were RDE tips (either glassy carbon (GC) or

platinum, Pine Research Instrumentation). These consist of a disc elec-

trode (5mm diameter) with a Teflon sheath. Prior to performing a batch

of experiments these were polished by first sanding with carbimet paper

(600 grit, Buehler) and then 1 and 0.05 μm alumina paste on a micro-

cloth (Buehler). All electrodes were ultrasonicated in distilled water and

absolute ethanol prior to use.

3.2.3 Control/data processing system

To perform a typical electrochemical experiment requires some kind of

waveform generator and method to log the response of the electrochem-

ical system to the waveform. Traditionally, specialized analogue devices

were developed for each technique. However, with the emergence of ever

more competent digital electronics this has become simplified, with one

device handling an ever greater number of tasks.

During the analogue era, higher level control of the experiment would

be performed manually, by adjustment of the specialised waveform gener-

ator. The response would be recorded using an x-y plotter, chart recorder

or, in the case of high speed techniques, to a storage oscilloscope. Data pro-

cessing would generally be performed manually. This historical context is

relevant, because a significant part of the techniques still popularly ap-

plied in electrochemistry were developed during this era and hence they

reflect what was technically possible at a point in time when personal

computers were not widely available.

In the modern, or digital, era generation of the waveform and storage

of the system response is integrated in to the potentiostat. Logging and
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analysis of the system response occurs entirely in the digital domain. Typ-

ically, the average user only interacts with a highly specialized piece of

software. This simplifies operation greatly and potentially allows new

methods for studying experimental results. However, it also has two ma-

jor drawbacks.

Firstly, important details regarding operation of the potentiostat are of-

ten hidden from the user. For instance, this means that the properties of

the smoothing filters used are not explicitly defined. Instead the user is

presented with vague terms such as ‘high speed’ to indicate the absence of

filtering and ‘high stability’ to indicate that limitation of the potentiostat

bandwidth is taking place.

Secondly, the range of experimental methods available, as well as the

format in which results are stored, are now defined by the software. Since

the majority of potentiostats are controlled by closed-source software, this

threatens to lock the electrochemical community in to an environment

where the introduction of innovative electrochemical techniques can only

occur at the whim of a few manufacturers.

In this thesis, an alternative configuration was used. This combined an

analogue era potentiostat (SL1286) with a modern multifunctional DAQ

(National instruments 6211 or 6251 DAQ). The attraction of such a sys-

tem is the freedom it gives to the user to develop their own experimental

methods, particularly since it also allows the simple integration of other

devices in a unified experimental control system, such as water baths,

RDE controllers and a range of transducers for the recording of tempera-

ture or electrolyte flow for instance.

3.3 Cyclic Voltammetry

Cyclic voltammetry (CV), is the most popularly applied electrochemical

technique by a significant margin. In CV measurements the potential of

the working electrode is swept linearly as a function of time between a

set of vertices and the resulting current that flows is logged. By varying

the rate at which potential is swept information regarding the kinetics of

mass transport and the heterogeneous reaction kinetics can determined.
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The rate at which potential is swept is referred to as the scan rate, v. This

method has its roots firmly in the analogue era since the generation of

a triangular waveform is simple and logging of the response can be per-

formed using a simple XY plotter. This measurement type also places

relatively minor demands on the capabilities of the potentiostat, provided

that the scan rate is sufficiently low.

An example of a sequence of CV measurements is shown in figure 3.2.

The experiment commences at 0.2V, sweeps down to -0.6V and then re-

turns 0.2V. During the downward sweep the Cu2+ at the surface of the

electrode gains an electron and is converted to Cu+, resulting in a ca-

thodic current and a localised decrease in the Cu2+ concentration. At a

given point the diffusion of Cu2+ to the surface becomes limiting and the

cathodic current begins to drop, resulting in a peak. During the upward

sweep the Cu+ formed during the downward sweep is converted back to

Cu2+, resulting in an anodic current. Prior to each measurement the elec-

trode is held at the start potential for a period of time equal to three times

the duration of the impending measurement. This allows the concentra-

tion profiles in front of the electrode to return to their unperturbed state.

In the experiment shown in figure 3.2 v was varied between 0.01 and

50 V/s. To allow presentation of the data in one figure current has been

normalised by v1/2. This demonstrates that increasing v tends to result in

a difference in the potentials at which the peaks occur and an increase in

the observed current.

At sufficiently low scan rates the kinetics of the heterogeneous reaction

are not apparent. In such a situation the shape of the normalised CV is

entirely independent of v. This is one example of what is referred to as re-

versible behaviour. Reversible behaviour is a feature of the measurement,

although the term is often also used, incorrectly, to describe the properties

of the redox reaction.

This confusion has arisen from the widespread use of a hypothetical re-

versible reaction as the basis for a simplified mathematical treatment of

electrochemical systems. Such a treatment is both valid and useful, since

it allows the development of equations that allow the determination of

physical properties from measurements where careful design of the ex-
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Figure 3.2. Typical results for CV measurements of a 20 mM CuCl2 solution in ethaline
at 25 ◦C at a Pt electrode. Current density is shown normalised by

√
v. The

arrow indicates the direction in which the cathodic peak shifts with increas-
ing scan rate. Publication I

periment results in the system exhibiting reversible behaviour.

For a measurement performed under conditions where reversible be-

haviour is observed an exact analytical relation can be developed that

allows the determination of the diffusion coefficient, D, from the height of

the first peak, Ip. This is the Randles-Ševčík equation, shown in equation

3.10.

|Ip| = 0.4463

(
F 3

RT

)1/2

n2/3AD1/2Cbulkv
1/2 (3.10)

Where Cbulk is the bulk concentration of the species being reduced or

oxidised during the first peak. The results of such calculations are shown

for the Cu2+ and Cu+ species in ethaline at a later stage, where they are

also compared with other methods.

For a system exhibiting reversible behaviour the separation between the

two peaks, ΔEpeak, is independent of v and constant for a given temper-

ature. The existence of reversible behaviour can be validated by measur-

ing ΔEpeak and, if proven, D calculated directly from Ip. For a system

where the kinetics are no longer sufficiently facile the peak separation

does depend on the scan rate, as is apparent in figure 3.2. This allows de-

termination of the heterogeneous rate constant, k0. The common method

to do this utilises a working curve that was determined numerically by

Nicholson and is therefore known as the method of Nicholson (MON) [49].

This provides a relation between ΔEpeak and a dimensionless number, Ψ,

which relates the diffusion coefficients of the reduced and oxidised species
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(DR and DO respectively) to the kinetics and v, this is given in equation

3.11.

Ψ =
(DO/DR)

α/2 k0√
πDOfv

(3.11)

Fitting of the experimental data shown in figure 3.2 to this type of work-

ing curve is shown in figure 3.3. The fit is only good at high values of Ψ,

this corresponds to slow scan rates. The limiting case of reversible be-

haviour is apparent here. In the working curve prepared by Nicholson,

the largest value of ΔEpeak given is 212 mV, this range is sufficient to de-

termine k0, without straying in to the region where ΔEpeak shows an ap-

preciable dependency on the value of α. This allowed Nicholson to avoid

having to present a table of working curves for differing values of α.
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Figure 3.3. Fitting of ΔEpeak from the voltammetric data shown in figure 3.2 to simulated
working curves. Publication I

However, this introduces a bootstrapping problem, since α is a param-

eter required to determine Ψ. For this reason as part of this thesis, an

extended range of working curves were calculated to low values of Ψ and

for differing values of α. In the case of large deviations of α from 0.5 in

either direction ΔEpeak was found to increase rapidly with decreasing Ψ

and provide no obvious discriminating power. For this reason the ratio of

the two peak currents, I0p,a/I
0
p,c was simulated as a function of both Ψ and

α and found to have a distinctive dependency, as shown in figure 3.4. This

indicates that the value of α is 0.2. The results of work to determine the

value of k0 for the Cu+/Cu2+ reaction are presented in section 3.6.

A problem with this approach is that the use of working curves is only

efficient if they are applicable across a wide range of experimental condi-
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Figure 3.4. Fitting of I0p,a/I
0
p,c from the voltammetric data shown in figure 3.2 to simulated

working curves. Publication I

tions. In the case of the method of Nicholson the curve used is essentially

valid for all systems exhibiting quasireversible kinetics at 25 ◦C. The use

of I0p,a/I
0
p,c in contrast is highly dependent on the potential at which the

direction of the sweep is switched. The working curves presented here

would therefore require recalculation for every set of experimental con-

ditions, although even without recalculation they provide a reasonable

initial indication of α. Recalculation is a relatively trivial task with mod-

ern computers.

However, at such a point it would seem more appropriate to instead

utilise numerical techniques, such as those developed by Osteryoung[50]

and extended recently by Vainikka [36], to perform fitting of the complete

voltammogram. Such techniques are more readily expandable to include

a wider range of phenomena, such as homogeneous reactions, and offer in-

herently better precision since they consider the entire observed response,

rather than a single crude observable, such as ΔEpeak.

Experimental constraints to the use of Voltammetric techniques

Traditionally, a discrete analogue ramp generator unit was used to per-

form CV measurements. The majority of modern potentiostats have an

internal digital waveform generator and hence no capability to produce a

smooth analogue waveform. Instead a staircase waveform is generated.

Provided the step size is sufficiently small, the response of the system is

close to that observed for a linear sweep and the approximation is valid.

Vainikka has shown that for a step size of 1 mV, the error in the peak

height is 6% for a staircase waveform vs. a linear waveform [51], for a
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10 mV step the error in the peak height is already 20%, which is clearly

unacceptable if D is to be calculated with good accuracy. The accuracy of

staircase voltammetry also depends on the current response being sam-

pled at an appropriate point within the step, with sampling at 0.3 of the

step interval giving the closest agreement [51]. While the approximation

between staircase and cyclic voltammetry may be shown to be close under

certain conditions during simulations, the actual error made during real

experiments is inherently uncertain.

One potential benefit of using a staircase waveform is that, provided

the time constant of the circuit formed by Rs and Cdl is sufficiently small,

charging of Cdl will have occured before the current is sampled and is then

not apparent in the response observed. Finally, it should be noted that all

the methods presented in this section depend on the complete compensa-

tion of the Ohmic losses if the accuracy of the parameters determined are

of any interest.

3.4 Potential step techniques

This section discusses a robust and simple method to determine diffusion

coefficients. Instead of linearly sweeping potential from a point at which

the concentration profiles in front of the electrode are flat, this technique

works by taking a large potential step, to a point where the surface con-

centration of the species being studied rapidly drops to zero. In this way

the effect of electrode kinetics is entirely sidestepped and a precise analyt-

ical solution to the resulting mass transport problem for a stagnant film

can be developed. This is the Cottrell equation, shown in equation 3.12,

which indicates that the observed current is proportional to t−1/2, where t

is the time elapsed since the step was initiated.

|I(t)| = nFAD1/2Cbulk

π1/2t1/2
(3.12)

The reliability and experimental simplicity of this technique is due to

the fact that for sufficiently large potential steps the issue of Ohmic losses,

which plagues traditional techniques based on CV measurements in ILs,

is also avoided. Examples of experimental data, and fitting, for the [FeCl4]–

complex studied in Publication IV are shown in figure 3.5.

After an initial period of 0.5 s, during which the capacitive current due
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Figure 3.5. Chronoamperometric measurements of a 20 mM FeCl3 solution in ethaline
over a range of temperatures between 25 and 70◦C in 5◦C steps at the GC
electrode (solid black lines indicate experimental data, which is shown to
extrapolate to zero current at infinite time by dashed grey lines). The arrow
indicates the direction of increasing temperature. The vertical dashed lines
indicate the time interval over which fitting is performed. Publication IV

to Cdl flows, equation 3.12 becomes fully applicable. The point at which

applicability ends is when the effect of natural convection becomes appre-

ciable. This end point shows a reproducible and logical dependency on the

temperature, since the viscosity decreases with temperature and there-

fore the point at which natural convection becomes significant also occurs

earlier. For the sake of simplicity the lowest cut-off value, 1s−1/2 at 70 ◦C,

is used in all the fittings. The values of D determined using this method

for a range of complexes and temperatures are presented in section 3.6.

3.5 Electrochemical Impedance Spectroscopy

Impedance spectroscopy is utilised across a wide range of disciplines, es-

pecially electrical engineering. In the case of highly nonlinear processes,

such as the Faradaic reaction described in section 3.1, electrochemical

impedance spectroscopy (EIS) proceeds from application of a small ampli-

tude sinusoidal excitation, typically applied potentiostatically. The small

amplitude, typically 10 mV, allows linearization of equation 3.6 using a

Taylor series. Application of a sinusoidal excitation has three useful prop-

erties.

Firstly, equations can be more readily solved using Laplace transforms.

Secondly, since the first derivative of a sine wave is also sinusoidal, the

response to the excitation which is observed at the current follower is
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also sinusoidal, of an identical frequency and can therefore be exactly de-

scribed in terms of an impedance and phase shift. EIS measurements

therefore have an outstanding resilience to noise. This property also al-

lows the processes taking place in the system to be considered in terms

of an equivalent electronic circuit. Finally, since the processes described

in section 3.1 each have their own characteristic time, EIS can probe the

various processes relatively independently at selected frequencies.

Traditionally, EIS measurements were performed using a lock-in ampli-

fier, which often incorporated a sine wave generator. This was an ana-

logue system that would register the phase angle and amplitude of the re-

sponse relative to the applied signal. The next evolution was a frequency

response analyser, FRA, which was traditionally a discrete instrument.

An FRA performs digital integration of a sinusoidal input signal with an-

gular frequency ωEIS and the cell response, S(t), to determine the real and

imaginary parts of the impedance , ZRe and ZIm, using equations 3.13 and

3.14 [52]. An important benefit of digital integration is that the precision

at lower frequencies does not diminish.

ZRe =
1

T

∫ T

0
S(t) sin (ωEISt) dt (3.13)

ZIm =
1

T

∫ T

0
S(t) cos (ωEISt) dt (3.14)

With a modern multifunctional DAQ, EIS measurements that allow char-

acterization of all the relevant processes described in section 3.1 can be

performed with excellent precision, at a fraction of the cost associated

with commercial instruments. Manufacturers of potentiostats boast im-

pressively high bandwidths and EIS capabilities for their instruments.

But, as will be shown in section 3.5.2, unless these are combined with

carefully thought out reference electrodes the result are of dubious sig-

nificance. Additionally, in all the experiments carried out in this thesis

no Faradaic processes were apparent at frequencies higher than 50 kHz,

which is well within the range of frequencies that can be accurately syn-

thesised by a DAQ that can output 1 MS/s (megasamples per second), such

as the NI 6251 used in this work.

3.5.1 Theoretical treatment

When utilising EIS techniques it is natural to think of the various pro-

cesses in the conceptual framework in terms of an electrical circuit. In
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this thesis only a brief description of the parameters used and their rela-

tion to the conceptual framework will be given. For a fuller explanation

the introductory text by Gabrielli is recommended [52]. All current that

passes through the system must pass through the electrolyte, resulting

in the solution resistance, Rs. In series with Rs are the two distinct pro-

cesses due to capacitive charging of Cdl, and the Faradaic process taking

place at the electrode respectively. In the case of the Faradaic process the

electron transfer reaction is independent of frequency and also behaves

as a resistor. It is referred to as the charge transfer resistance, Rct, and

depends on the potential in a relatively complicated manner, as shown in

equation 3.15.

Rct =
RT

n2F 2A
· 1

(αkfCO + (1− α)kbCR)
(3.15)

Changing the electrode potential alters both the rate constants, kf and

kb, as well as the surface concentrations CO and CR. The diffusive trans-

port of the oxidized or reduced species to or from the electrode is frequency

dependent and is described by what is known as a Warburg element, ZW.

The impedance of the Warburg element is shown in equation 3.16 and de-

pends not only on the kinetics of the heterogeneous reaction, but also the

mass transport properties and frequency.

ZW =
Rct√
jωEIS

(
kf√
DO

+
kb√
DR

)
(3.16)

Where j is the imaginary unit (j2 = −1). The combination of elements

described above is commonly referred to as the Randles circuit. A typical

example of an experimental measurement and the result of fitting the

equivalent Randles circuit is shown in figures 3.6 and 3.7.

The relationship between the impedance of a capacitor and the fre-

quency of the applied excitation is given in equation 3.17.

ZCdl =
1

jωEISCdl
(3.17)

This shows that at high frequencies the impedance of Cdl is zero. There-

fore the measurable impedance of the system is due entirely to Rs and has

a phase angle of 0. This situation corresponds to region 1 in figures 3.6

and 3.7. As the frequency decreases the impedance of Cdl becomes non-

zero. Simultaneously, ωEIS is still high enough that ZW is essentially zero.

This combination of a constant resistance and capacitor in parallel yields

a semicircle in the complex plane, this is region 2 in figures 3.6 and 3.7.

41



Experimental techniques in ionic liquids and deep eutectic solvents

0 50 100 150 200 250 300 350 400

0

50

100

150

200

250

I II III

Z
Re

/Ω

−
Z

Im
/Ω

R
s

R
ct

W

C
dl

Figure 3.6. Complex plane representation of typical results for an EIS measurement in
the vicinity of E0′ for a 20 mM CuCl2 solution in ethaline at 40 ◦C at a Pt
electrode. Experimental data (�) and fitting (-). The circuit diagram for the
Randles circuit is also shown, W is the element corresponding to the Warburg
impedance. Publication I

10
0

10
1

10
2

10
3

10
4

10
5

10
6

0

100

200

300

400

500

|Z
| /

 Ω

IIIIII

10
0

10
1

10
2

10
3

10
4

10
5

10
6

−1

−0.8

−0.6

−0.4

−0.2

0

ω
EIS

/s−1

ph
as

e(
Z

) 
/ r

ad

IIIIII

Figure 3.7. Bode plot of the data presented in 3.6, adapted from Publication I

At yet lower frequencies, the impedance of Cdl becomes relatively large

and the majority of the current passes through the Faradaic branch of the

Randles circuit. At this point the impedance of the Warburg element, ZW,

becomes pronounced and a straight line with an angle of 45◦, correspond-

ing to region 3, is apparent in figure 3.6.

In real electrochemical systems the capacitive process that occurs in par-

allel with the Faradaic process tends to show a range of time constants,

this results in the phase observed being slightly less than 90◦. Put an-

other way, the tangent of the initial part of the semicircle corresponding

to region 2 in figure 3.6 is not vertical. This kind of non-ideal behaviour

can be described using a constant phase angle (CPE). The impedance of a

42



Experimental techniques in ionic liquids and deep eutectic solvents

CPE is calculated using equation 3.18.

ZCPE =
1

(jωEIS)nfY0
(3.18)

Where Y0 is the standard admittance of the CPE. For a perfect capacitor

the frequency exponent, nf, is 1, for a perfect resistor it is 0. In this thesis

the value of nf observed for the CPE used to describe Cdl across a range of

electrochemical systems was invariably close to 0.9. Since the impedance

of a Warburg element, ZW, depends on frequency it is useful to collect the

terms which are not frequency dependent in a single parameter. Equation

3.16 then takes a form identical to that for a CPE with a nf of 0.5. The

standard admittance of the CPE representing the Warburg element, Y0,W,

determined by fitting of the Randles circuit to experimental data can then

be related to the electrochemical parameters using equation 3.16.

The only task that remains then is to estimate how the surface concen-

trations of the two species, CO and CR, depend on the electrode potential,

E. For reasonably facile kinetics this can be done by rearranging the

Nernst equation, shown in equation 3.19.

E = E0′ +
RT

nF
ln

CO,bulk

CR,bulk
(3.19)

The fitted values of ZIm and ZRe are calculated by combining equations

3.15 to 3.18 using equation 3.20.

Z = ZRe + jZIm = Rs +

(
1

ZCdl

+
1

Rct + ZW

)−1
(3.20)

These are all simple analytical expressions, which are trivial to calcu-

late. Fitting proceeds in two stages. Firstly, the individial spectra are

fitted to the Randles circuit. Generally, this was achieved by using com-

mercial fitting software (Zview 2.3d, Scribner associates) in batch fitting

mode. In Publication II the fitting of spectra was performed by imple-

menting equations 3.15 to 3.20 in matlab and performing non-linear fit-

ting with the Levenberg-Marquardt algorithm [53].

By quantifying the dependency of Rct and Y0,W on electrode potential it

is possible to demonstrate both the validity of the model as a description

of the experimental system and determine all of the parameters which

control the processes shown in figure 3.1. Examples of such a fitting pro-

cedure are shown in figure 3.8.
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Figure 3.8. Example of determination of system parameters from Rct and ZW for a 20
mM CuCl2 solution in ethaline at 40 ◦C on a Pt electrode. Publication I

3.5.2 Reference electrodes for EIS measurements

In Publication IV a number of separate problems that may arise from the

use of a simple quasi reference electrode (QRE) were described. The obvi-

ous solution is to place the reference electrode inside a separate compart-

ment and prevent mixing with the system under study, for instance using

a vycor frit. Such a reference probe has been demonstrated by Snook et al.

[54] and since it solves both the problem of contamination and reference

stability has been widely recommended [19, 55].

In poorly conductive media, e.g. ionic liquids, simple calculations based

on the electrolyte conductivity and frit geometry indicate that such a con-

figuration will result in significant impedance between the reference elec-

trode and the test solution. This is known to introduce a range of artifacts

during measurements such as high speed voltammetry, potential steps or

impedance spectroscopy [56, 57].

Figure 3.9 shows the effect of introducing a known resistance between

the QRE and the potentiostat during impedance measurements described

in Publication IV. When the added resistance is low a regular Randles cir-

cuit is observed. As the resistance of the reference electrode increases an

additional semicircle appears at high frequencies. A reference electrode

resistance of 10 kΩ or lower gives a result that resemble the Randles cir-

cuit reasonably well, below 2 kΩ no effect is observable.

Measurement of the reference electrode resistance, using the method

described in the literature [56] resulted in values of 14 and 6000 Ω for the

Pt QRE and the Ag/AgCl capillary reference probe respectively. However,
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impedances are not distinquished. The impedance spectrum observed when
using the Ag/AgCl reference probe as the reference electrode is shown also
(�). Publication IV

as can be seen in figure 3.9, the use of the Ag/AgCl reference probe is con-

sistent with an actual reference impedance of 75 kΩ. This would appear to

indicate complications in the accurate characterisation of reference elec-

trode performance, possibly due to additional Faradaic impedance at the

Ag/AgCl surface. For a typical Vycor frit, such as that used by Snook, and

an electrolyte with a conductivity of 10 mS cm-1 an impedance of at least 1

kΩ can be expected [58]. Such an electrode can only be reliably used in the

measurement of impedance data if the properties are first characterised

and shown to give similar results to parallel measurements with a QRE.

Since the majority of voltammetric techniques require accurate quantifi-

cation and compensation of Rs for the accurate determination of physical

parameters, these also depend on the use of a suitable reference system.

Based on the work performed in the thesis, the author recommends that

two reference electrodes are used, one a simple inert QRE connected to

the RE terminal on the potentiostat and the other a reference probe. By

regularly recording the potential between these two electrodes, using a

suitably high impedance differential electrometer, the reference potential

of the QRE becomes well defined. In such a configuration the dynamic

characteristics and impedance of the reference probe become irrelevant.
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3.6 Overview of results at a stationary electrode

The various methods outlined thus far are all applicable at a stationary

electrode and it therefore makes sense to compare the consistency of these

methods to quantify the properties of electrochemical processes in ILs.

3.6.1 Mass transport properties of chlorocomplexes in DES

As can be seen from figure 3.10, all three methods used to determine D

work well. Since EIS involves significant complexity during the determi-

nation of D, this method is not recommended. CV is in principle a rea-

sonable method and the most familiar to the majority of experimentalists.

To achieve full accuracy it requires some care with configuration of the

potentiostat, as well as validation that the sytem exhibits reversible be-

haviour at the scan rates used. Validation of reversible behaviour during

CV measurements in an IL demands compensation of Ohmic losses and

this will require at least one EIS measurement, preferably in the vicinity

of E0′ .
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Figure 3.10. Diffusion coefficients of [CuCl4]2– and [CuCl3]2– in ethaline as a function
of temperature (solid lines = Arrhenius fit, � = potential step, � = cyclic
voltammetry, � = impedance spectroscopy). Publication I

For copper the diffusion coefficient of the Cu(I) complex is twice that

of the Cu(II) complex. As noted in Publication I, this pattern has been

observed in other chloride based electrolyte systems and even for copper

perchlorate salts in water.

The potential step method has been found to be the most reliable and

simplest to apply, since it is largely unaffected by slow electrode kinetics

or the effects of Ohmic losses. For this reason in Publication IV only this
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method was used when determining D. The results of such a fitting are

shown in figure 3.11.
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Figure 3.11. Dependency of the diffusion coefficients for [FeCl4]2– (�) and [FeCl4]– (�) on
temperature, from the fitting shown in figure 3.5. Publication IV

In a reversal of the situation in the copper system, the diffusion coef-

ficient of the Fe(III) complex is greater than that of Fe(II). For the iron

complexes this can reasonably be explained in terms of the additional neg-

ative charge on the divalent [FeCl4]2− complex. The diffusion coefficient

of [FeCl4]− is four times lower in ethaline than in a chloroaluminate un-

der similar conditions [59].

The activation energies of the diffusion coefficients are 26.0±0.9 and

28.5±0.3 kJ/mol for the trivalent [FeCl4]− and divalent [FeCl4]2− com-

plexes respectively. These are similar to the values for [CuCl4]2− and

[CuCl3]2−, which are 27.7±1.4 and 29.5±1.5 kJ/mol respectively.

The most notable result is that the value of D for all the species exam-

ined is 40 times lower than in water, which mirrors the viscosity of the

two systems closely. It was this result, in combination with the need for

extensive Ohmic compensation, which first indicated to the author that

technical application of DES would be challenging.
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3.6.2 Electrode kinetics of chlorocomplexes in DES

As can be seen in figure 3.12, neither methods based on cyclic voltam-

metry nor impedance spectroscopy yield well defined values of k0 as a

function of temperature at a stationary electrode. However, as described

in Publication I, the kinetic parameters determined for this system are

similar to that in a range of other ILs.
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Figure 3.12. Dependency of k0 on temperature for the Cu(I)/Cu(II) reaction at a Pt elec-
trode in ethaline (solid line = Arrhenius fit of impedance data, dashed line =
Arrhenius fit of cyclic voltammetry, � = cyclic voltammetry, � = impedance
spectroscopy). Publication I
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3.7 Rotating Disc Electrode

The greatest weakness of the experimental techniques described in the

previous section was the large scatter in the values of k0 as a function of

temperature. For this reason, methods based on the use of the rotating

disc electrode (RDE) were examined in Publication II as these are gen-

erally considered to provide more reliable results during electrochemical

studies [60]. The RDE is the most common implementation of a class

of experimental techniques based around the concept of a hydrodynamic

electrode (HDE). In any kind of hydrodynamic electrode the electrolyte is

no longer stationary, instead it is brought in to well defined motion.

At the RDE the electrode is a disc mounted on shaft which is rotated.

The disc is sheathed in an inert material. The local effect of rotation is

to accelerate electrolyte radially outwards, as in a centrifugal pump. This

results in a steady stream of electrolyte being continually drawn towards

the electrode surface.

This requires modification of the conceptual framework discussed in 3.1.

In addition to mass transport due to diffusion, convection of electroactive

species due to movement of the electrolyte must be considered. Since con-

vection occurs in numerous directions, this requires a change in notation

and addition of a convection term to equation 3.1, this yields equation

3.21.

�NR = −DR∇CR + �vCR (3.21)

In the discussion that follows the hydrodynamics are only considered for

systems exhibiting laminar flow. This not only simplifies the theoretical

treatment, it also reflects the reality that experimental results collected

at an electrode exhibiting turbulent flow are noisy and therefore poorly

defined. It also assumes a Newtonian fluid. Generally speaking, the ve-

locity profile of the electrolyte in front of the electrode would be expected

to show a complex spatial dependency. Remarkably, for the RDE the ef-

fect of convection shows radial uniformity, i.e. the convective velocity only

depends on the distance from the electrode surface, x. A hydrodynamic

system that exhibits this behaviour is described as being uniformly acces-

sible and benefits from a simplified theoretical treatment. In the vicinity

of the surface of the RDE the axial velocity of the electrolyte has been
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shown to be well described by equation 3.22 [61].

vx = −0.51ω3/2
RDEν

−1/2x2 (3.22)

Where ωRDE is the angular frequency of the RDE and ν is the kinematic

viscosity, which is related to the dynamic viscosity, η, by equation 3.23,

where ρ is the density of the electrolyte.

ν = η/ρ (3.23)

Close to the electrode surface vx is 0 and therefore mass transport is

entirely due to diffusion, as x increases the role of convection rapidly in-

creases. This means that the system can readily reach a well defined

steady state where a constant flux of electroactive species to and from the

electrode is observed. Theoretical treatment of combined convective and

diffusive transport is almost invariably based on a simplified model which

assumes a distinct value of x up to which the mass transport is entirely

due to diffusion and beyond which convection is so rapid that the concen-

tration is constant and equal to bulk conditions. This is the Nernst diffuse

layer model and the point at which this transition occurs is referred to as

the Nernst layer thickness, δ. The thickness of the Nernst layer depends

on a number of parameters, as shown in equation 3.24.

δ = 1.61D1/3ω
−1/2
RDE ν1/6 (3.24)

An example of simulated concentration profiles during a potential sweep

at the RDE are shown in 3.13. These show that the approximation is

accurate in the immediate vicinity of the electrode and the extrapolated

tangents of the fluxes at x = 0 pass through a single point, corresponding

to x = δ.

For a system where the diffusion coefficient of the oxidised and reduced

species, DO and DR, are different equation 3.24 results in the slightly

counter-intuitive result that δR �= δO. The important simplification that

the RDE gives is that when a constant potential is applied for sufficient

time, typically a few seconds, the system will reach a steady-state and

the fluxes between the electrode and bulk phases can be described using

a simplified form of equation 3.1, as shown in equation 3.25.

NR = −DR
(CR,bulk − CR|x=0)

δR
(3.25)
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Figure 3.13. Simulated concentration profiles during a slow potential sweep at the RDE.
Simulated concentration profiles (dashed lines); tangent of the concentra-
tion profile at x = 0 (solid lines). Adapted from original data prepared by T.
Vainikka [51]

3.7.1 Voltammetry at the RDE

The theory above forms the basis for the electrochemical technique tradi-

tionally used with the RDE. In this method the electrode is rotated at a

constant angular frequency and the potential is slowly swept, as in cyclic

voltammetry. When the scan-rate is sufficiently slow, the system is in a

state of continuous quasi-equilibrium, with linear concentration profiles

across the Nernst layer, hence equation 3.25 applies. A typical example of

a series of such sweeps is shown in figure 3.14.
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Figure 3.14. Normalised staircase voltammetry data for a 20 mM CuCl2 electrolyte at
a 5mm GC electrode at rotation rates of 1000, 1250, 1500, 1750 and 2000
rpm. The arrow indicates decreasing rotation speed. 100% IR correction
was applied during acquisition of the voltammogram. Publication III

As can be seen from equation 3.6, when the current is zero then the

rate of the forward and back reactions must be equal, the system is in

equilibrium and the concentration profiles are flat. Hence, this potential
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is defined as the equilibrium potential, Eeq, and is given by the Nernst

equation (3.26).

Eeq = E0′ +
RT

nF
ln

CO,bulk

CR,bulk
(3.26)

This allows the potential scale to be normalised around a single exper-

imentally observable point where the reactions are in equilibrium. This

provides the definition of overpotential, η, given in equation 3.27.

η = E − Eeq (3.27)

At large cathodic or anodic overpotentials the characteristics of the elec-

trode reaction are dominated by either kf or kb respectively, since the other

rate constant is effectively zero. At particularly large overpotentials the

kinetics cease to measurably depend on overpotential and the surface con-

centration of the reacting species drops to zero. Increasing the overpoten-

tial will no longer result in an increase in current as the system is fully

mass transport limited. The plateau current observable is known as the

limiting current, Il. Equations for the anodic and cathodic limiting cur-

rents, Il,a and Il,c respectively, are given in equations 3.29 and 3.28, which

are both forms of the Levich equation.

Il,c =
−nFADOCO,bulk

δO
(3.28)

Il,a =
nFADRCR,bulk

δR
(3.29)

Part of the improvement in precision gained by using the RDE is simply

due to the ability to combine knowledge of the diffusion coefficients with

measurements to determine the limiting currents. This provides a simple

means to accurately quantify the drift in bulk concentrations as a series

of experiments proceed.

At slightly lower overpotentials one of the rate constants will still show

some dependency on potential. It is then interesting to imagine what

would happen if the rate of rotation could be increased to infinity, without

the transition from laminar to turbulent flow occuring. In such a case the

Nernst layer thickness would become zero, no mass transport limitations

would exist and the surface concentrations would be equal to the bulk

concentrations. The current that would then be observable would be a

purely kinetically controlled current, IK, and is defined in equations 3.30

and 3.31 for substantial cathodic or anodic overpotentials respectively.
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IK,c = −FAkfCO,bulk (3.30)

IK,a = FAkbCR,bulk (3.31)

In such a situation, equations 3.25 and 3.6 can be combined with equa-

tions 3.28-3.31 and simplified to give what is known as the Koutecký-

Levich equation, which is shown in equation 3.32.

1

I
=

1

IK
+

1

Il
(3.32)

Since IK does not depend on ωRDE, but Il shows a linear relation depen-

dency on ω
1/2
RDE, this means that plotting 1/I as a function of ω

−1/2
RDE will,

for suitable overpotentials, yield a straight line with a constant slope and

an intercept with the ordinate-axis equal to 1/IK. This provides a simple

means to take data collected over a range of finite ωRDE values and ex-

trapolate to determine the behaviour of the system when ωRDE =∞. Such

a plot is known as a Koutecký-Levich plot. An example of which is given

in figure 3.15.
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Figure 3.15. Koutecký-Levich plots prepared from the voltammetric data shown in figure
3.14 for η values between -0.05 and -0.4 V. The arrow indicates increasingly
negative overpotentials. Publication III

When the logarithm of |IK| is plotted as a function of overpotential the

result is what is known as the Tafel plot, an example of which is shown in

figure 3.16.

At sufficiently large overpotentials log(|IK|) shows a linear dependency.

From equations 3.4 and 3.5 it is clear that the slopes of the cathodic and

anodic branches in the Tafel plot are −αf and (1−α)f respectively. Either

of the two linear branches of the Tafel plot can be extrapolated to zero
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Figure 3.16. Tafel plot for a 20 mM CuCl2 electrolyte at a glassy carbon electrode (�) and
a 2 M CuCl electrolyte at a graphite electrode (�) The IK values for the GC
electrode measured at negative η values are determined from the intercept
of the Koutecký-Levich plots shown in figure 3.15. Publication III

overpotential to yield what is known as the exchange current, I0. Since

η is 0, equations 3.30 or 3.31 can be combined with equations 3.5 or 3.4

respectively to determine k0, as shown in equations 3.33 and 3.34.

I0,c = FAk0C0,bulk (3.33)

I0,a = FAk0CR,bulk (3.34)

In the predigital era, a family of steady-state voltammograms could be

collected for different values of ωRDE on a single piece of paper using an

x-y plotter. The current at a range of rotation speeds and overpotentials

could be readily transferred to a Koutecký-levich plot and manually ex-

trapolated to give IK. This in turn could be transferred to semilog graph

paper to prepare a Tafel plot, from which α and k0 could be determined.

Such a technique involves a minimum of computation and would clearly

be strongly favoured in a time before the wide spread availability of per-

sonal computers.

This method is primarily limited by the accuracy of the extrapolation

process. In addition to random noise, the current-potential function ob-

served during a series of measurements will be affected by some drift in

the bulk concentrations, which affects both Il,c and Il,a. This problem be-

comes most pronounced at larger overpotentials, since the intercept of

1/I approaches zero and even a relatively small extrapolation error will

become rather pronounced when the reciprocal is taken to determine IK.
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3.7.2 EIS at the RDE

In section 3.5.1 the dependency of the surface concentration on the po-

tential was assumed to be described adequately by the Nernst model.

While this assumption may be reasonably valid, its application depends

on knowledge of both species bulk concentrations, which can be problem-

atic. By constrast, in section 3.7.1 it was shown that for voltammetric

techniques at the RDE it was possible to perform a nearly complete anal-

ysis of the kinetics of the system without detailed knowledge of the trans-

port properties.

While the use of the RDE as a tool during EIS measurements is com-

monly recommended, the author could not find a concise explanation of

a suitable experimental procedure and theoretical treatment. Hence in

Publication II the relevant theory was lain out and tested for the same

electrochemical system studied in Publication I. The experiment is per-

formed by stepping DC potential, waiting a short period for the current to

stabilise, performing an EIS measurement, sampling the DC current and

then moving to the next DC potential. The experiment is designed to span

a sufficiently wide range of potentials that both limiting currents are ob-

served, however there is no requirement that the potentials selected are

homogeneously distributed within that range. It is better to concentrate

on potentials where Rct is relatively small as this is where EIS is most

sensitive to the Faradaic process.

Analysis of the experimental data proceeds as follows. Firstly, the ob-

servables Il,c and Il,a can be used to estimate the bulk concentrations of

both species by combining equations 3.29 and 3.28, as shown in equation

3.35.

CO,bulk

CR,bulk
=
−Il,c

Il,a

(
DR

DO

)2/3

(3.35)

Since the total bulk concentration of both species is unlikely to change

significantly during a measurement, this reduces one source of uncer-

tainty. Once CO,bulk/CR,bulk is known, a good initial estimate of E0′ can

be made from the observable Eeq using equation 3.26. The provision of

initial estimates based on observable properties of the system both im-

proves the ease of fitting and provides a means to validate the process,

since the difference between initial and fitted values should be small.
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Figure 3.17. Dependency of Rct and Y0,W on overpotential for three rotation speeds mea-
sured at 30 ◦C: 2500 (+), 2000 (�) and 1500 (×) RPM; fits (—); Publication
II

Most importantly, equations 3.25 and 3.35 can be combined to provide

estimates of the potential depend surface concentrations CO and CR from

the observables, I, Il,a and Il,c, as shown in equations 3.36 and 3.36.

CO|x=0 = CO,bulk

(
1− I

Il,c

)
(3.36)

CR|x=0 = CR,bulk

(
1− I

Il,a

)
(3.37)

Since the DC current, I, in an RDE experiment is non-zero, except at

Eeq, and the solution resistance, Rs, is known precisely, it is trivial to per-

form complete post-experimental correction of the steady-state voltam-

metric data by calculating the actual electrode potential, E, from the ob-

servable electrode potential, Eobs, as shown in equation 3.38, which is

simply Ohm’s law.

E = Eobs − IRs (3.38)

The rest of the fitting process is essentially the same as that described in

section 3.5.1. Use of the RDE during EIS measurements, in combination

with the techniques described in this section, provides both a simple and

robust method to determine a wide range of system properties. Examples

of such a fitting for the [CuCl4]2− complex are shown in figure 3.17.

Figure 3.17 shows that the rate of rotation has no discernible effect on

the EIS results and, in principle, it is sufficent to study the system at one

value of ωRDE, provided the mechanism is well understood. The resulting

k0 values for the Cu(I)/Cu(II) redox reaction are shown in figure 3.18, with
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those determined at the stationary electrode also shown for reference.
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Figure 3.18. Arrhenius plot of the standard rate constant, k0, from EIS measurements at
a Pt RDE (�), results for a stationary electrode, previously shown in figure
3.12, are also included for reference (+,�). Adapted from publications I and
II

As is clear from figure 3.18, the estimate of k0 from EIS at an RDE shows

a more even distribution as a function of temperature, which suggests the

technique is less error prone than EIS measurements at a stationary elec-

trode. However, the stationary electrode certainly provides a reasonable

indication of the system properties. The value of k0 determined for the

Cu(I)/Cu(II) reaction at a GC electrode in Publication III was 20 times

lower than the values for the Pt electrode shown in figure 3.18.

A final attractive aspect of performing EIS at the RDE is that when the

angular frequency of the AC excitation, ωEIS, is sufficiently low the tech-

nique is sensitive to the Nernst layer thickness. This requires replace-

ment of the Warburg element used in section 3.5.1 with a short-circuit

Warburg element, the impedance of which is given by equation 3.39.

ZW,s =
Rct√
jωEIS

(
kf · tanh(δO

√
jωEIS/DO)√

DO
+

kb · tanh(δR
√

jωEIS/DR)√
DR

)

(3.39)

Figure 3.19 shows a typical example of this dependency. As can be seen,

the effect of increasing the rotation frequency of the RDE is to compress

the Nernst layer, leading to development of a second semicircle which ter-

minates at the ZRe axis.
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Figure 3.19. Impedance spectra measured at different rotation speeds at 50 ◦C and η =
110 mV (�) and fits to Randles’ circuit (—); the arrow indicates increasing
rotation speed

Such a technique can be useful if the thickness of the Nernst layer re-

quires quantification and was applied in publication IV.

3.8 Viscosity and conductivity measurements

As shown in section 3.7 the kinematic viscosity of the electrolyte, ν man-

ifests itself in electrochemical measurements at a HDE. This can be used

to determine the Stokes’ radii of the diffusing species with high precision,

since measurements to determine both D and η can be performed concur-

rently under identical conditions.

As shown in equation 3.7 the conductivity of the electrolyte, κ, is also

apparent from the solution resistance, Rs, observed during EIS measure-

ments. Figure 3.20 shows the Arrhenius plot for the fluidity and molar

conductivity values determined using both direct rheometric or conduc-

tivity measurements and based on electrochemical techniques.

The activation energies for the dynamic viscosity are 28.4±0.7 and 27.7±0.4

kJ/mol, for the rheometer and RDE measurements, respectively. These

values correlate well with the activation energies of the electrolyte con-

ductivity measured directly and estimated from the value of Rs deter-

mined in the EIS measurements (24.8±0.7 and 28.2±0.4 kJ/mol, respec-

tively) and the activation energies of the diffusion coefficients reported

in 3.6. This is entirely expected for an ionic liquid exhibiting normal be-

haviour, as shown later in the Walden plot.

The relatively close agreement between the electrochemical and tradi-
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Figure 3.20. Arrhenius plot of electrolyte fluidity (reciprocal dynamic viscosity) and mo-
lar conductivity: fluidity using RDE (�); molar conductivity from EIS (�);
rheometric measurements (—); AC conductivity measurements (– –). Pub-
lication II

tional techniques used to quantify viscosity and conductivity shows that

electrochemical experiments can provide a reasonable indication of these

two key properties of ILs, certainly with sufficient precision to allow a

decision to be made whether the IL is sufficiently interesting to warrant

more precise measurements.

Figure 3.21 locates the conductivity and fluidity data for ethaline in a

Walden plot that also includes a selection of accepted ionic liquids. The

similar activation energies for conductivity and fluidity reported above al-

ready indicate that the Walden representation of the results for ethaline

should be parallel to the so-called ‘ideal line’ associated with dilute KCl

solutions. This is considered to be indicative of ordinary ionic conduction,

with an absence of electronic or Grotthus ionic conduction.
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Figure 3.21. Walden plot of the correlation between conductivity and fluidity: rheomet-
ric and conductivity measurements of ethaline (×); estimates of conductivity
and viscosity from RDE measurements of ethaline (�); ethylammonium ni-
trate [17] (Δ); imidazolium cations with TFSI anion [18] (◦); dilute aqueous
KCl solutions (grey line). Publication II

The data for ethaline is rather close to the ‘ideal line’ and located favourably

relative to many of the imidazolium based ILs, which shows that it has

transport properties analogous to those of an ionic liquid. Similar acti-

vation energies for both fluidity and molar conductivity also provide evi-

dence which tentatively suggests that choline chloride is fully dissociated

in this DES.

3.9 Wall-jet electrode

The acquisition of a commercial RDE is a non-trivial expense. This re-

flects the precision required during manufacturing of the electrodes, ro-

tator and shaft if the centre of mass and the axis of rotation are to be

aligned. This is an important prerequisite for the correct functioning of a

RDE [62]. This also places limits on the ease with which a wide range of

substrates can be tested in a RDE.

An alternative HDE is the wall-jet electrode (WJE). In this system the

electrolyte is brought in to motion using either a pump [63] or pressur-

ization [64]. The electrolyte is directed through a nozzle to the electrode
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surface. By separating the convective system and electrode the demands

placed on electrode construction are relaxed. The biggest drawback to the

WJE is the accuracy of available methods to quantify flow.

When the system is dimensioned so that the nozzle radius, rT, is larger

than both the electrode radius and the nozzle-electrode separation, a ma-

jor simplification in the equations describing the system behavior results.

The thickness of the Nernst layer, δ, becomes uniform over the entire elec-

trode surface and the mass transport properties of the system can there-

fore be accurately described by a one dimensional model, as is the case for

the RDE. The electrode also becomes uniformly accessible. This configu-

ration of the WJE is referred to as a wall-tube electrode (WTE). In any

other nozzle-electrode configuration this simplification is not applicable

and a two dimensional model based on cylindrical coordinates is the min-

imum requirement. This distinction is important not only for a simplified

theoretical treatment. The WTE configuration also eliminates the tight

constraints on both electrode symmetry and alignment in the electrolyte

flow, thereby simplifying operation and manufacturing of the system.

The three requirements for a functional WTE are laminar flow condi-

tions, that the surface of the electrode be flat and the electrode located

directly in front of and equidistant from the nozzle opening [64]. If these

requirements are met then the same techniques described in section 3.7.2

can be applied [65]. Albery and Bruckenstein have shown that the only

modification is to the equation describing δ, where ωRDE can be replaced

by the expression given in equation 3.40 [66].

ωRDE =
Vf

r3T
(3.40)

This can be combined with equation 3.24 to yield an estimate for δ based

on the nozzle aperature, rT, and electrolyte flow rate, Vf, as shown in equa-

tion 3.41.

δ = 1.61D1/3 r
3/2
T

V
1/2

f

ν1/6 (3.41)

3.9.1 Preparation of WTE system

The WTE system was based around a heavily modified square polycar-

bonate flask connected to a centrifugal pump. The outlet from the pump
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was passed through a thermostatted glass spiral to maintain temperature

control. After the spiral the outlet stream was split, with one branch pass-

ing through a flow meter (Swissflow SF800) to a hose tail attached to the

centre of the flask bottom, this is the WTE feed. The other branch passes

directly to the flask side, this is the bypass feed. By pinching either of the

two feed tubes the flow to the WTE is regulated, while still maintaining

steady flow through the pump and spiral

The WTE itself was machined from Teflon and attached to the bottom of

the flask. The inner and outer diameters of the nozzle were 14 and 50mm

respectively. The separation between the nozzle and electrode was 8mm.

The electrode was a 5mm GC disc embedded in a Teflon disc of equal outer

diameter to that of the nozzle. The surface of the electrode was coplanar

with the Teflon disc and maintained at both a well-defined separation

from the nozzle and in a centred alignment by three nylon screws passing

through the disc and the rim of the nozzle.

A counter electrode was prepared from a loop of tungsten wire. This

loop followed the lower edge of the rim of the nozzle, a position intended

to ensure a homogeneous current distribution over the opening between

the nozzle and the electrode. A Pt wire QRE was used and found to give

0 V of potential difference to the tungsten counter electrode when the cell

was open circuit, indicating that tungsten is inert. All the electrodes and

the temperature probe were passed through a polycarbonate lid resting

on the edge formed where the top of the flask had been removed.

Pumping of the electrolyte was achieved using a high pressure, magnet-

ically coupled centrifugal pump (Iwaki, MD-30RZ). The heat developed by

the pump during operation was substantial and in the absence of cooling

using the glass spiral resulted in a steady-state operating temperature of

around 80 ◦C. For this reason adjustment of the WTE system temperature

was slow and imprecise and detailed experiments were only attempted at

one temperature.

3.9.2 Correlation of current and hydrodynamics

Figure 3.22 shows the results of measurements to quantify the linearity

of the relation between volumetric flow and limiting cathodic current. In

the case of the optical flow transducer the correlation is poor, with an R2
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of only 0.9629 and a non-zero intercept, this is inferior to the results re-

ported by Rees et al.[64] as well as the specifications of the transducer.

The lower sensitivity limit of the flow transducer in the standard configu-

ration is also problematic, with no flow measurable below 0.5 dm3 min-1,

the upper sensitivity limit for the flow transducer is not achievable due

to the onset of turbulent flow in front of the GC disc, which manifests

itself as a sudden leap in limiting current, as apparent in figure 3.22. Un-

der turbulent conditions the limiting current becomes very poorly defined

and shows significant noise. EIS measurements are also error prone un-

der turbulent conditions.
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Figure 3.22. Correlation between jl,c and the parameters characterising the inverse
Nernst layer thickness: 1/δ for the EIS measurements (�) and V

1/2
f for

the flow transducer (♦). The lines indicate the least squares fit through
the experimental data for the laminar flow regime. The intercept with the
ordinate axis is indicated for both the flow transducer (�)and EIS measure-
ments (�). Publication IV

To validate that the problem was due to the flow transducer precision,

EIS measurements were performed at each flow rate to a lower frequency

of 0.2 Hz, at which point the second semicircle in the complex plane plot is

well developed and the parameters describing the short circuit Warburg

impedance can be determined using equation 3.39. These yield a direct

estimate for δ. This shows an improved correlation with the limiting dc

current, with a R2 of 0.9953. At large cathodic overpotentials the linearity

of the Koutecký-Levich plots for the RDE are excellent, with a R2 value

greater than 0.9999. This is significantly superior to the values reported

here and by Rees et al.[64] for the WTE and reflects the exceptionally

precise and reproducible control of convection that is attainable with a

commercial RDE.
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3.9.3 Application of EIS at the WTE

Since the accuracy of the traditional DC methods depends upon the preci-

sion with which flow can be quantified the prospects of applying these for

the WTE system described in this thesis were extremely poor. However,

as shown in figure 3.17 the results for EIS measurements at a uniformly

accessible electrode do not depend strongly on δ, provided it is constant

for the duration of the experiment. Figure 3.23 shows the experimental

and fitted values of the charge transfer impedance, Rct, for measurements

performed at the RDE and WTE under essentially identical conditions.
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Figure 3.23. Measured values of Rct as a function of overpotential for the WTE (�) and
RDE (�) for a 20 mM FeCl3 electrolyte. The lines show the fitted values.
Publication IV

A difference is discernible and results in a k0 for the WTE that is equiv-

alent to that measured at the RDE when the temperature is 5 ◦C higher.

However, the agreement between experiment and model is good over a

wide range of potentials, which suggests that the difference may be at-

tributable to differences in electrode preparation or aging of the elec-

trolyte. Figure 3.24 shows the temperature dependency of k0, calculated

directly from the Rct values, for the RDE and WTE.

The activation energy for k0, Ea,k0 , is 45.6±0.6 kJ/mol for the Fe(II)/Fe(III)

reaction at a GC electrode. This is significantly higher than for charge or

mass transport and indicates that at higher temperatures the observed

redox process is strongly dominated by mass transport limitations. The

kinetics of the Fe(II)/Fe(III) reaction are around 40 times faster than the

Cu(I)/Cu(II) reaction on GC electrodes and even exceed the rate rate of

the Cu(I)/Cu(II) reaction on Pt.
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Figure 3.24. Dependency of k0 for the Fe(II)/Fe(III) reaction on temperature for a GC
RDE (�) and GC WTE (�). The values determined for the Cu(I)/Cu(II) re-
action using the a Pt RDE are shown for comparison (+). Publication IV

The standard admittance of the Warburg element, shown in figure 3.25,

is virtually identical for both hydrodynamic electrodes and conforms well

to theory over the range of potentials measured.
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Figure 3.25. Measured values of the standard admittance of the Warburg element as
a function of overpotential for the GC WTE (�) and GC RDE (�) for the
Fe(II)/Fe(III) reaction. The lines show the fitted values of the admittance.
Publication IV

At higher temperatures the diffusion coefficients determined from fit-

ting of the Warburg impedance do differ by 20% from those determined

by the potential step method. An inevitable problem when determining

diffusion coefficients from impedance data is that the process is depen-

dent on simultaneous characterisation of the heterogeneous kinetics and

therefore sensitive to any errors in that fitting process.
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Figure 3.26 shows the excellent agreement between the observed voltam-

metric response at the WTE and RDE and the response predicted by pa-

rameters determined from EIS fitting. This demonstrates the accuracy of

the fitting methodology, the suitability of the quasireversible mechanism

and the equivalence of the RDE and WTE. At higher temperatures, e.g.

50 ◦C, the voltammetric response is essentially reversible and indicates

that reaction 4.4 is facile.
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Figure 3.26. Measured voltammograms for the Fe(II)/Fe(III) reaction at the GC RDE (�)
and GC WTE (�). The lines shows the estimated voltammograms based on
the results of fitting of EIS results. Publication IV
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4. Redox Flow Batteries based on deep
eutectic solvents

4.1 Introduction

In recent times battery technology has been primarily applied at a small

scale in a mobile setting. Even when applied in a stationary setting,

such as an uninterruptible power supply (UPS), the overriding design

constraint is zero maintenance, i.e. when the battery stops working it

is replaced. This demands a simple, safe, closed system.

The redox flow battery (RFB) represents a radical departure from this

paradigm. An example of a RFB is shown in figure 4.1. The electroac-

tive species are dissolved in two electrolytes which are pumped through a

cell where they react at two electrodes which are separated by some kind

of membrane. The energy and power capacity of an RFB are decoupled,

since these two properties now depend on the size of the electrolyte stor-

age tanks and cell respectively. An open, modular system like this is more

reminiscent of an electrosynthesis or electrorefining process and particu-

larly a fuel cell.

Such a system is always more complex than a typical battery. Therefore,

balance of plant costs and maintenance requirements lead automatically

to relatively large scale applications. The low energy density, long life

and good scaling characteristics lead to the major application as station-

ary energy storage devices for balancing of grids. This explains the high

level of interest in the United States, which reflects the problems expe-

rienced there in achieving continual stable operation of all parts of the

grid. In Europe, particular impetus has also been recently given by the

planned massive increase in renewable electricity production. The nom-
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Figure 4.1. Diagram of a typical all-vanadium RFB

inal availability of a single intermittant renewable source decreases as

its localised market penetration increases [67]. Hence, it is useful to have

an energy storage system to ensure supply and demand are well balanced.

The intended level of renewable energy production is vast compared to

the current situation. A clear example is the 2020 vision of the Euro-

pean Union, which intends to achieve a doubling of renewable electricity

production in the EU between 2010 and 2020, largely by trebling the out-

put of intermittant renewable sources, such a wind and solar energy [68].

This potentially represents a unique opportunity for RFBs to enable a ma-

jor improvement in the sustainability of electricity production by allowing

these projects are to achieve their full potential of entirely replacing an

equivalent amount of fossil-based generation capacity.

4.2 Basic electrochemical research targeted at RFB applications

Only a small number of transition metals are currently produced at a

sufficient scale to be suitable for application in the storage of a meaning-

ful fraction of global daily electricity production, for instance iron, alu-

minium, copper and zinc [16]. When the competing economic functions

these elements may perform are taken in to account then the list of plau-

sible elements becomes very short indeed if RFB technology is to achieve
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its full potential as a key enabler of large scale sustainable energy pro-

duction.

Since copper is one of the most widely produced metals and was already

familiar from the work performed in publications I and II, it was obvious

to examine an all-copper RFB. This was the work undertaken in publi-

cation III. The all-copper redox battery has been studied by Porterfield

and Yoke for the chlorocuprate ionic liquids they investigated in the sev-

enties [69]. Kratochvil and Betty also reported a redox battery based on

copper perchlorate salts dissolved in acetonitrile and reported Coulombic

efficiencies close to 100% [70]. The reactions in a redox battery based on

chlorocuprates are shown in equations 4.1 and 4.2.

Negative electrode: [CuCl3]
2− + e−

charge−−−−−−⇀↽−−−−−−
discharge

Cu + 3Cl− (4.1)

Positive electrode: [CuCl4]
2− + e−

discharge−−−−−−⇀↽−−−−−−
charge

[CuCl3]
2− +Cl− (4.2)

In this thesis the application of deep eutectic solvents (DES) as the elec-

trolyte media for an all-iron redox flow battery (RFB) based on the chloro-

complexes of iron was also investigated. The all-iron RFB was first stud-

ied by Hruska and Savinell [71] in a hydrochloric acid based electrolyte.

In a chloride based all-iron RFB the two electrode reactions are as shown

in equations 4.3 and 4.4.

Negative electrode: [FeCl4]
2− + 2 e−

charge−−−−−−⇀↽−−−−−−
discharge

Fe + 4Cl− (4.3)

Positive electrode: [FeCl4]
− + e−

discharge−−−−−−⇀↽−−−−−−
charge

[FeCl4]
2− (4.4)

The performance reported for all-iron RFBs is poor, with an energy ef-

ficiency of only 50%. This is attributed to the combination of parasitic

losses due to hydrogen evolution and poor deposition/stripping kinetics at

the negative electrode [71, 72]. The development of an all-iron RFB ex-

hibiting appreciable energy efficiency is a subject worthy of considerable

effort due to the exceptional abundance of iron, environmental compati-

bility and the ability to undergo two redox reactions separated by a non-

trivial difference in potential.
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As the kinetics of the iron deposition reaction were found to also hinder

the energy efficiency of the RFB presented in this thesis, the zinc depo-

sition and stripping reaction, shown in reaction 4.5, was also tested as

an alternative. Due to its facile kinetics this reaction is widely utilized

as the negative electrode reaction by both the academic and commercial

RFB communities [73, 74].

Negative electrode: [ZnCl4]
2− + 2 e−

charge−−−−−−⇀↽−−−−−−
discharge

Zn + 4Cl− (4.5)

Global electricity production is currently around 2 ·1016 W h/y. A modest

goal of building sufficient RFB capacity to balance only 5% of this load

using either Zn, Cu or Fe would require 4, 9, or 0.08 % respectively of

global production capacity, if commissioned over a ten year period. Appli-

cation of any transition metal, other than iron, in a typical RFB to achieve

substantial balancing of global electricity production would likely either

require slow implementation over many decades or a large increase in

current production levels, which is a difficult undertaking.

The production of materials used in the preparation of DES is even more

problematic, requiring a mega-tonne (MT) scale for the modest example

considered here. US ethylene glycol production is around the 4 MT/y scale

and global production has increased rapidly at sites with abundant nat-

ural gas deposits [75]. The production of quaternary ammonium salts is

far more modest, with 100 kT/y being typical for a commonly used salt,

such as choline chloride [76]. This indicates that the scale of the problem

will most likely require the use of aqueous media or simple molten salt

systems.

The discussion in the preceeding few paragraphs is only intended to

demonstrate that the scale of electricity production is substantial and

therefore efforts to support a large-scale transition to renewable energy

using electrochemical systems are likely to founder unless they are based

on realistic assumptions regarding the availability of the necessary ma-

terials [16]. While a certain amount of leeway is allowable regarding the

timing or the scale of such a transition, or increases in future produc-

tion levels, it is important that claims that any particular RFB technology

can play a meaningful role are validated. Otherwise, resources could be

wasted developing obsolete technologies.

70



Redox Flow Batteries based on deep eutectic solvents

This is clearly an invitation for electrochemists to explore the effect of

experimental parameters, such as solvent, ligand chemistry and temper-

ature, for a range of plausible transition metals.

4.3 Experimental RFB system

For initial studies the use of permeability cells was found to be ideal. The

structure of a permcell based redox flow battery is shown in figure 4.2.

This cell design minimizes the ingress of oxygen, which will oxidize the re-

duced species. It also facilitates precise temperature control and reduces

both the size of the electrodes and the amount of electrolyte required. Im-

portantly, since the material of construction of the two half-cells is glass,

continual observation of the state of the electrode surface is possible. In-

tegration of the electrolyte storage and convection in to the same space as

the electrodes results in an extremely simple design.

Figure 4.2. Illustration of the redox battery system utilised in this thesis. a and b are
the two half-cells, c is the composite separator which prevents mixing of the
electrolytes in the two half-cells. d and e are the two electrodes, which pass
through a polypropylene stopper to ensure tight sealing. Convection is main-
tained by a pair of magnetic stirrers rotating in close proximity to the elec-
trodes

Significant work was originally undertaken to develop larger RFB cells
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with the common ’sandwich’ configuration. Unfortunately, the tempera-

ture of the electrolytes would drop between the thermostatted reservoirs

and the cells and as a result precipitation of the salts from the electrolyte

was observed. A related problem was the slow and uneven pumping char-

acteristics of the peristaltic pumps used, this resulted in poor convection,

extremely low current densities and blockages due to precipitation. How-

ever the biggest problem observed was the ingress of oxygen, which in

the case of Cu(I) electrolytes resulted in the formation of a green Cu(I)

complex.

4.4 Novel separators for IL based RFBs

The application of commercially available separator materials in RFBs

based on DES was not successful, as a rapid decrease in conductivity is

observed on contact with the DES. This may be due to dehydration of the

membrane due to the hygroscopic nature of DES. In this thesis the devel-

opment of jellified deep eutectic solvents as a means to prepare separators

for RFBs was performed. Jellification of ionic liquids using a polymer to

form a rubbery solid electrolyte is common practice, for instance Angell

jellified a range of lithium salts using polypropylene oxide [77]. More re-

cently, Abbot developed a biodegradable composite with good mechanical

properties based on a mixture of a DES and starch [78].

A jellified DES was prepared by adding 5wt.% polyvinyl alcohol (PVA,

Mowiol 4-98, Mw 27,000) to plain ethaline. The suspension of PVA flakes

was heated in a covered beaker to 150 ◦C on a hotplate with stirring. After

90 minutes all the PVA dissolved to form a clear, colourless liquid. Upon

cooling, a translucent gel is formed, which can be returned to the liquid

state an indefinite number of times by reheating briefly to 150 ◦C. The

gel formed is sufficiently solid to prevent any convective flow, however it

lacks sufficient mechanical strength to be used as a thin film separator in

a RFB. For this reason, composite separators were prepared by applying

the hot suspension sequentially to both sides of a vertically suspended fil-

ter paper (Schleicher & Schuell, 589/1) and removing any excess using a

flat spatula.

The conductivity of jellified ethaline was determined by EIS measure-

ments of a gel that had been cast in a PTFE cylinder, of known geometry,
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which was sandwiched between two thermostated aluminium electrodes.

The conductivity of the composite separator was determined in a similar

manner, by sandwiching a sample between two copper discs inside the

PTFE cylinder.
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Figure 4.3. Temperature dependence of conductivity for pure ethaline (�), ethaline gel
containing 5wt.% PVA (�) and ethaline gel supported in a filter paper (�).
Publication III

Figure 4.3 shows that the plain and jellified electrolyte have virtually

indistinguishable conductivity over a range of temperatures. The conduc-

tivity of the composite separator, also shown in figure 4.3, is around four

times lower than the plain electrolyte or gel. As the thickness of the com-

posite separator is 300 microns it should contribute only 30% of the ohmic

losses in a typical sandwich configuration RFB. The conductivity of the

gel prepared here is around three orders of magnitude higher than the

DES-starch composite reported by Abbott [78].

4.5 EIS in RFBs

A problem with using perm cells is that the electrode separation is at least

an order of magnitude larger than in a typical RFB. This means that the

Ohmic losses in the cell will scale appreciably with current density, caus-

ing the switching conditions to be triggered prematurely at higher current

densities. It is therefore necessary to quantify the Ohmic losses in the cell

using EIS and compensate this to determine the effective cell potential.

This decouples the investigation of basic cell chemistry and materials se-

lection from optimization of the cell geometry.
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When the value of Rs determined experimentally is compared with val-

ues predicted from ex-situ conductivity measurements they agree to within

20%. This shows that the process of decoupling works well and that it

should be possible to perform accurate modeling of RFB performance by

combining the knowledge gained from experiments that characterize the

conductivity, viscosity and electrochemical reactivity of the system.

In principle, EIS measurements could be used rather effectively in an

RFB to quantify more properties than just the Ohmic losses, because the

cell geometry can be far more idealized than in a typical battery and the

presence of convection should result in behaviour similar to that observed

at a HDE, i.e. the attainment of a quasi steady-state in a matter of sec-

onds and which can be maintained for extended periods if the electrolyte

reservoirs are sufficiently large.

4.6 Steady-state voltammetry

A typical steady-state voltammogram for an all-copper RFB is shown in

figure 4.4.
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Figure 4.4. Staircase voltammogram of the all copper RFB. Publication III

Such a voltammogram allows the estimation of suitable charging or dis-

charge currents, as well as appropriate switching potentials.

4.7 Charge cycling in IL based RFBs

Charge cycling is used to establish the long-term performance of batteries

in an idealized and accelerated approximation of real world usage. It is

74



Redox Flow Batteries based on deep eutectic solvents

typically done by applying a constant current and switching at defined

potentials. Integration of the current allows us to quantify the amount

of charge passed during the charging and discharging stages, Qcharge and

Qdischarge respectively. The Coulombic efficiency, ηQ, for each cycle is then

as defined in equation 4.6.

ηQ =
Qdischarge

Qcharge
(4.6)

Also we can define the discharge capacity, which is the amount of charge

withdrawn from the battery during any given cycle before the applicable

switching potential condition is triggered, normalised by the theoretical

capacity of the battery, Qtheory.

An important, but more problematic parameter to define when examin-

ing an RFB based on ILs is the energy efficiency of single charge-discharge

cycle, ηE. The Ohmic losses are often significant in IL based systems

and therefore the use of simple test systems which are not optimized to

minimize these losses, such as the permeability cells used in this thesis,

could lead to entirely incorrect conclusions regarding the energy efficiency

achievable in a real system based on the same electrolytes. For this rea-

son in this thesis the energy efficiency is calculated once the cell potential

has been corrected for the Ohmic losses using equation 3.38 and then cal-

culated using equation 4.7.

ηE =

∑t=tend
t=tswitch

EIdischargeΔt∑t=tswitch
t=0 EIchargeΔt

(4.7)

A further refinement used in this thesis is to cancel the effect of vari-

ation in ηQ on the energy efficiency when presenting data for a series of

measurements. ηQ can, for instance, during the first few cycles be greater

than 1 when going from a low to a high charging current as the system is

initially ’overcharged’ compared to the long term trend value. This leads

to equally large oscillations in the observed energy efficiency for a single

cycle, ηE,obs, and can be mistakenly interpreted as a genuinely high energy

efficiency. This effect can be cancelled by applying equation 4.8, while still

providing an entirely accurate representation of the energy efficiency for

each cycle.

ηE = ηE,obs
ηQ

ηQ
(4.8)
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4.8 Performance of an all-copper RFB

Figure 4.5 shows a typical CV for a [CuCl4]2− containing electrolyte. The

Cu(I)/Cu(II) reaction is located at positive potentials and is therefore the

positive electrode reaction. At negative potentials the Cu0/Cu(I) reac-

tion takes place with relative ease. Figure 4.5 suggests a cell potential

of around 1V and this is found in practise too.
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Figure 4.5. Cyclic voltammogram showing reactions 4.1 and 4.2 at a GC RDE. The elec-
trolyte was a 20 mM solution of CuCl2 in ethaline at 50 ◦C. The CV was
initiated from a potential of 0.2 V. Publication III

A RFB that uses these reactions shows reasonable performance over

many cycles and shows only minor deterioration within the period the cell

was tested, as shown in figure 4.6. When the current used for charging

and discharging is adjusted ηQ fluctuates strongly for the next few cycles.

The discharge capacity of the system shows a particularly strong depen-

dency on variations in the current used, with higher currents resulting in

poor discharge capacities.

Cycling was performed at a current density of 10 mA/cm2, with the ex-

ception of cycles 8 to 9 and 24 to 27 which were performed at current

densities of 4 and 7.5 mA/cm2 respectively. The pronounced outliers in ηQ

correlate with changes in the applied current density and resolve within

a few cycles.
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Figure 4.6. The evolution of Coulombic efficiency, ηQ (�), energy efficiency, ηE (�), and
the discharge capacity, Qdischarge(�), normalised by the theoretical capacity,
Qtheory. Publication III

4.9 Performance of an all-iron RFB

Figure 4.7 shows the deposition and stripping of iron from an ethaline

based electrolyte containing the [FeCl4]− complex. Nucleation of iron on

GC is slow. Even once nucleation has taken place, there is still no mass

tranport limited plateau in the deposition process prior to the onset of

electrolyte decomposition. The stripping of iron is also not facile. The de-

composition reaction appears to be favoured by an iron surface, which is

not the case for copper.
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Figure 4.7. Cyclic voltammogram showing reactions 4.3 and 4.4 at a GC RDE. The elec-
trolyte was a 20 mM solution of FeCl3 in ethaline at 50 ◦C. The arrows indi-
cate the start and end of the voltammogram. Publication IV

Figure 4.8 shows a Tafel plot representation of the data in figure 4.7

measured during the initial stripping process, which is observed imme-

diately after the sweep initiates. Based on this the heterogeneous rate

77



Redox Flow Batteries based on deep eutectic solvents

constant, k0 of the deposition reaction is estimated to be 2.1 · 10−4 cm/s at

50 ◦C. This is around 15 times lower than k0 for the Fe(II)/Fe(III) reaction

under similar conditions.
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Figure 4.8. Tafel plot representation of the initial part of voltammogram shown in figure
4.7. The experimental data used to determine j0 is highlighted. Publication
IV

When these reactions are applied in an RFB the cell potential varies be-

tween 0.75 and 1.25V for the discharged and charged states respectively.

Most problematic is that decomposition of the electrolyte in the perm. cell

based system leads to the electrolyte being forced out of the cell, which

slowly results in a loss of discharge capacity. The slow kinetics of the

deposition reaction results in poor values of ηE, typically 35 to 40 %, irre-

spective of the current density used.
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Figure 4.9. Evolution of Coulombic efficiency, ηQ (�), energy efficiency, ηE (�), and the dis-
charge capacity, Qdischarge(�), normalised by the theoretical capacity, Qtheory,
for the all-iron redox battery. Publication IV
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4.10 Performance of a zinc-iron RFB

A steady-state voltammogram for an electrolyte prepared by reducing

[FeCl4]− using metallic zinc is shown in figure 4.10. This demonstrates

the facile deposition and stripping of a metallic deposit. This is separated

from two anodic processes by around 1V, which would predict a similar

cell potential to that observed for the all-copper and all-iron batteries al-

ready discussed. The presence of two anodic process, combined with the

unusually high stability of the Zn(II)-Fe(II) electrolyte against oxidation

by oxygen suggests the formation of a Zn-Fe complex in solution.
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Figure 4.10. Cyclic voltammogram showing the facile deposition and stripping reaction
and two oxidation processes for a Zn-Fe system at a GC RDE. The electrolyte
was a 20 mM solution of FeCl3 in ethaline that had been fully reacted with
metallic zinc. Publication IV

Well formed plateau currents are observable at both ends of the window,

which compares favourably to the results for the all-iron system shown in

figure 4.7.
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Figure 4.11 shows the steady performance and reasonable energy ef-

ficiency attained using the same electrolyte in a Zn-Fe battery over 25

cycles. ηE is significantly higher than that observed for the all-iron sys-

tem. This is almost certainly due to the facile kinetics of metal deposition

and stripping.
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Figure 4.11. Evolution of Coulombic efficiency, ηQ (�), energy efficiency, ηE (�), and
the discharge capacity, Qdischarge(�), normalised by the theoretical capacity,
Qtheory, for the Zn-Fe redox battery. Publication IV

It was only during the writing of this thesis that it became clear to the

author that the so-called ’zinc-air’ RFB technology currently undergoing

commercialisation by ViZn energy systems is in fact based on similar re-

dox reactions to those reported here and therefore these are actually Zn-

Fe batteries.
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5. Conclusions and recommendations

5.1 Electrochemical techniques

The use of EIS is almost unavoidable if quantitative electrochemical mea-

surements are to be performed in a DES or IL. This thesis has presented

a range of techniques, based around EIS, to fully characterise the key pa-

rameters of electrochemical processes and systems. In particular, when

EIS is combined with steady-state voltammetry at a HDE, a simple and

accurate analysis is possible. This approach is likely to be equally appli-

cable in other solvents and this should be validated.

It has been clearly shown that for quantitative techniques based on EIS

to work well in any medium the reference electrode needs to possess a

suitably low impedance. This is an area where DES and ILs can be ex-

pected to struggle more than other solvents, due to their relatively poor

conductivity, and is a matter which is clearly not discussed sufficiently

in the literature. This may explain why techniques, such as EIS or high

speed voltammetry, have not been more commonly applied. The simplest

method to overcome these limitations appears to be the twin reference

electrode system reported in this thesis.

The application of the WTE as a tool to characterise the properties of an

electrochemical reaction has been shown to work, especially when com-

bined with EIS measurements. To be competitive with the RDE, the WTE

system described in this thesis needs to be scaled down by a at least one

order of magnitude to use a similar volume of electrolyte as the RDE and

allow equally facile control of temperature.
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The use of a WTE, or a similar flow cell, as the basis for determining

the relative abundance of the oxidised and reduced species in electrolytes

used in RFBs appears possible. Since the electrolyte is already being

pumped only a WTE cell, inert QRE and simple potentiostat needs to be

implemented. Importantly, this does not rely on potentiometric measure-

ments between two eletrolytes, which can be sensitive to surface contam-

ination of the sense electrodes. More importantly, this technique would

provide absolute compositions for each electrolyte independently. This

can be useful in quantifying the effects of parasitic reactions, such as hy-

drogen evolution, which may only occur at one electrode and lead to imbal-

ance in the state-of-charge on each side. Since the objective is to quantify

limiting currents, a simple QRE is more than sufficient.

5.2 Electrochemical applications of DES

It is striking that the complexes formed in DES tend to be uniformly sim-

ilar to those formed in a range of chloride-rich solvents, even including

concentrated HCl solutions. This appears to validate the minority view

that molten metal hydrates may, in some cases, show more similarity to

ionic liquids than aqueous solutions from the perspective of electrochem-

ical applications. It also shows that the results from studies performed

in chloride-rich chloroaluminates are often directly equivalent to the be-

haviour which will be observed in DES. So while it may be possible that

over a million different ILs can be synthesised, this does not mean that

the electrochemistry for each will be unique. In the case of transition

metal electrochemistry, it is the metal complex formed that appears to al-

most entirely determine the behaviour of the system.

For this reason it is particularly desirable to have reliable, simple meth-

ods to determine the structure of the complex formed. The common prac-

tise is to compare UV-VIS measurements with results from earlier mea-

surements that typically combine UV-VIS measurements and potentio-

metric titration. This places a heavy burden on the reliability of the ear-

lier work and, in the case of potentiometric titration, assumes complexes

possessing only a single type of ligand, which is a questionable assump-

tion. Clearly, greater use of techniques such as Raman and NMR spec-

troscopy can allow these old structure assignments to be validated and
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allow a better understanding of the fundamental nature of the materials

being studied.

Ultimately, there appears to be little benefit to be gained from the use

of DES as media for electrochemical processes. In their current form they

lack the potential for outstandingly large potential windows that many

regular ILs exhibit, while simultaneously being significantly more expen-

sive, viscous and resistive than aqueous systems. While ILs overcome

the narrow window of electrochemical stability they only do this at even

greater expense and have equally poor transport properties. The use of

elevated temperatures mitigates this problem somewhat, but brings the

IL community back full circle to it’s original starting point, namely molten

salts. Since these are well known and have already found a small number

of niche applications (such as the Hall-Héroult process to produce alu-

minium) it would appear to the author that much of the enthusiasm for

DES and ILs in electrochemical applications is misplaced.

5.3 Redox Flow Batteries based on copper, iron or zinc

An all-copper RFB has been shown to work in a DES, with a particularly

high Coulombic efficiency. However, the low current densities, high Ohmic

losses and added cost of the DES make any practical system unlikely. An

aqueous system based on chlorocomplexes, which would be analogous to

the all-iron battery studied by Hruska and Savinell [71], is however cer-

tainly worthy of study. Relatively low cell potentials would require high

solubility of the copper complexes to achieve energy and power densities

comparable to state-of-the-art RFB technology. Other complexes may also

increase the cell potential to more useful levels.

The all-iron RFB reported in this thesis shows similar problems to the

aqueous systems reported by other authors. This suggests that the key is-

sue is the complex formed and benefit may be found gained from a switch

to a chloride free system using other ligands. Temperature is also a pa-

rameter of interest as the electrodeposition of iron appears to benefit from

elevated temperature and the cell potential also appears to rise. In this

one respect ILs and DES can serve as a useful platform to test the electro-

chemistry of transition complexes at elevated temperatures, without the

added complexity of solvent evaporation or complexation by water.
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The chloride based zinc-iron RFB presented here does not appear to

have been reported in the literature. Since acid chloride baths for the

electroplating of zinc are widely used and the electrochemistry of aqueous

Fe(II)/Fe(III) chlorocomplexes is well know it is plausible that an aque-

ous zinc-iron chloride RFB could be developed. This concept is worthy of

examination since zinc and iron are both abundant and relatively benign

transition metals and the two metals appear to form an unusual dimetal-

lic chloro complex.

The main hope for successful application of DES in RFB applications

is that the high temperature transport properties of chlorometallate sys-

tems, such as the chloroferrates and chlorozincates reported by Abbott

and others, are good. However, this is semantic trickery, since these are

clearly ILs and have only been successfully co-opted by the DES commu-

nity due to their low status compared to chloroaluminates. Irrespective

of pointless terminological disputes, the separator remains a major prob-

lem for such systems since the polymeric materials typically used in RFBs

tend to not work at higher temperatures or fail to function in non-aqueous

media.

The benefit of using test cells optimised for exploratory work on novel

liquids and redox chemistries has been shown in this thesis. The perme-

ability cells used were in no way optimised for the application and bet-

ter designed cells could certainly improve convection and reduce Ohmic

losses, without necessarily reducing operational simplicity or increasing

the minimal electrolyte volumes needed. It has been shown in this the-

sis that the Ohmic losses in an RFB can be accurately corrected by per-

forming EIS measurements, this eliminates a major design constraint in

experimental test systems (namely that the two electrodes are in close

proximity) and could even allows the use a simple salt bridge.
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Errata

Publication II

In equation 4 on page 140 the solute concentration should be in the nu-

merator, not the denominator.

Publication III

In figure 5 on page 21 label on the ordinate axis should be |Ik|/A, not Ik/A.
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