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Abstract
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Doctor of Philosophy

by Fraser R Hughson

The demand for electrical energy storage technology is growing at a rapid pace. The

current market leader is the lithium ion battery which has found use in many applications

from stationary, grid level storage to transportation and smaller applications like mobile

phones.

Supercapacitors are an up-and-coming alternative energy storage technology that com-

pliments lithium ion batteries in many ways. Where lithium ion batteries have a high

energy density, delivering energy for a long time, supercapacitors have a high power

density which means they are capable of being charged and discharged within seconds.

Both of these technologies rely on organic electrolytes that are toxic and flammable.

Replacing these organic electrolytes with alternatives would go a long way to improving

their sustainability and lessening the environmental impact. Using a water based elec-

trolyte is an attractive option however water is limited by its electrochemical window.

Above a voltage of 1.23 V it is thermodynamically favourable for water to be split into

hydrogen and oxygen gasses. This voltage restriction limits the energy density of water

based batteries and supercapacitors making them economically non-viable.

The research in this thesis was investigating the use of microemulsions as an alternative

class of electrolytes in ion batteries and supercapacitors. Microemulsions are a ther-

modynamically stable mixture of two immiscible phases. Despite being mostly made

up of water, microemulsions can have a greatly extended electrochemical window, as

much as 5 V. This means that they could have all of the benefits of aqueous and organic

electrolytes in one solvent.

Microemsulions have never been applied to supercapacitors or ion batteries before. They

were found to retain their enhanced electrochemical stability and still allow for the

devices to perform. In almost all aspects the devices presented within out-perform

any other water based electrolyte in the literature and in many cases show comparable

performance to organic electrolytes.
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Chapter 1

Introduction

1.1 The climate crisis

Anthropogenic climate change is perhaps the biggest challenge ever faced by humanity.

With greenhouse gas emissions around the globe still increasing, it is becoming evi-

dent that technological advances have to come along with social changes to stop climate

change. Of principle concern is the use of fossil fuels such as coal and oil for trans-

portation and grid power generation. There has been a large increase in the adoption of

renewable energy sources. In 2019 renewable energy overtook fossil fuels as the dominant

source of energy in the UK [15]. In November of 2020, Tasmania in Australia declared

that it was fully powered by renewable energy [16]. However, these advancements alone

are not enough to secure a complete departure from fossil fuel use.

1.2 Renewable energy and energy storage

As the world moves away from fossil fuels, the largest remaining question is one of energy

security: What happens when the sun doesn’t shine and the wind doesn’t blow? Coal

and oil do not suffer from this intermittency and so replacing them wholesale is a difficult

task. This is because in many places around the world the peak energy consumption is

during the evening/at night, whilst the peak of solar energy production is during the

day. Figure 1.1 shows solar and wind power output alongside grid demand [17].

1
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Figure 1.1: The output of solar and wind power do not match with the
peak demands of the grid, this makes adoption of renewables difficult be-
cause the power comes at the wrong time. Reproduced with permission
from auclimate.wordpress.com/2018/04/17/battery-storage-the-answer-to-renewable-

energy-intermittency/

In order to ‘shift’ the energy generated at off-peak times, as indicated by the arrows

in Figure 1.1, energy must be stored during times of over-production and then released

when it is needed most. There are many methods for storing energy, most of which are

summarised in Figure 1.2.

Figure 1.2 shows that there are not only many different types of energy storage, there

are also many different applications where each is most suitable. How and why these

different forms of storage are needed is illustrated by the energy grid (see Figure 1.3).

Pumped hydro is an example of an energy storage technology available on a large scale.

However, it takes a long time for these systems to be charged and discharged. Pumped

hydro is therefore an attractive option for grid level storage as it can supply large

amounts of energy for a long amount of time. However, such large systems are not very

dynamic, their energy output can not easily respond to fluctuations in demand [18].

Energy production can be increased for known peak time periods, but matching the

instantaneous demand on a minute by minute basis can be difficult. Pumped Hydro,

or some other large scale energy storage method such as compressed air storage, could

provide ’base-load’ power, the amount of energy the grid needs regardless of the time of

day.
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Figure 1.2: There are many different kinds of energy storage available. This plot
compares them based on method, power rating and discharge time.[1]

More responsive systems are needed to deal with surges in demand. However these

systems still need to store a lot of energy to keep up with demand over hour long time

scales. This is where batteries could be utilised effectively. Being charged when demand

is low (and the spot price for energy is low) and being discharged when demand is high

(and the spot price for energy is high). There are many types of battery as shown in

Fig 1.2 but the types most often referenced for this application are lithium ion batteries

and redox flow batteries [19, 20]. Both can be scaled to appropriately large sizes, are

able to handle frequent charge and discharge, and can be held at various states of charge

for extended periods of time. This last point in particular is where lead acid batteries

perform poorly in grid scale applications [21, 22].

The final element of the grid is frequency regulation. Power grids around the world

operate on an alternating current with a frequency of either 50 or 60 Hz. Any device

connected to the grid is designed to receive this frequency only (within a small margin

of error). Any prolonged period where the grid is not supplying the rated frequency can

cause serious damage to the grid as a whole and any device connected to it. To maintain
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Figure 1.3: The instantaneous power demand fluctuates throughout the day (grey
line) The base load (blue line) can ramp over many hours to meet a forecast rise but
cannot be scaled quickly enough to meet demand exactly. With energy storage systems,
excess energy generation can be used to charge the system (green lines) and then it can
be discharged to meet peak demands (red lines). Using renewables also introduces
the possibility of frequency irregularities (gold line) a fast responding (on the order of
seconds) energy storage device is required to correct these or else irreparable damage

can be done to anything powered directly by the grid.

frequency, the energy into the grid must match the energy out of the grid [23] If they

are not matched then the frequency will slowly start to rise or fall. Modern grid level

generators are equipped with sensors to detect these frequency shifts and can generally

adjust power output minutely over the course of a few seconds to maintain this balance.

However as the grid moves towards renewable energy, frequency regulation could become

a bigger problem [24]. The power output of solar or wind energy cannot be controlled

as easily as steam powered generators. If the wind speed was to pick up or drop off

suddenly, or a cloud were to pass over a solar farm, the grid could become destabilised

due to a quick change in energy input into the grid. The solution is to have a fast

acting energy storage device that can, on a second by second basis, take in excess energy
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generated by the grid or push extra energy into the grid rapidly to make up any shortfall.

Most batteries are not well designed for frequency regulation as their power rating, in

Watts (or Js-1) is generally too low to suppourt rapid uptake and release of energy in

an efficient manner. [12]. In the case of lithium ion batteries, charging or discharging

them too fast can also cause irreparable damage to the cells and drastically shorten their

lifespan [12].

Electrical double layer capacitors or supercapacitors (also often referred to as ultraca-

pacitors) are ideal for this high power application. They can be charged and discharged

rapidly (100-1000 times faster than a lithium ion battery) and can be cycled over 1

million times with very small capacity losses [25].The downside with supercapacitors

is they cannot store a lot of energy at one time (10-100 times less than a lithium ion

battery by per unit volume or mass)[26]. This makes them unsuitable for peak energy

management (minute to hour long usage) but ideal for frequency regulation (seconds of

usage at a time).

Another area where supercapacitors and batteries can work in tandem is in electric

vehicles [27]. When accelerating, a vehicle uses a burst of energy over a short time span.

When maintaining a constant speed, the instantaneous energy demand is lower, but the

power system needs to be able to meet that demand for a long period of time. Due

to their high power capabilities, supercapacitors can be used to accelerate the car then

the high energy capabilities of the battery can take over when the instantaneous energy

demand is lower. The battery lifetime is extended due to not having to be discharged

too quickly during acceleration and the vehicle range is kept high due to the battery

compensating for the supercapacitors lack of overall energy.

1.3 Energy storage metrics

Before continuing, it is pertinent to give a brief introduction to the metrics used to

compare energy storage devices and how they are calculated.

• Capacity: This is how much charge (often reported in milliamp-hours, mAh) can

be stored in the device. To allow for comparison between systems, this is often

normalised by either the mass, which gives specific capacity in milliamp-hours per
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gram (mAhg-1), or by volume, which gives volumetric capacity in milliamp-hour

per centimetre cubed (mAhcm-3).1In literature, capacity is generally calculated

by multiplying the current used to charge or discharge the device by the time

the current was applied for. More correctly, capacity should be calcuated as by

integrating the current over the discharge time. A high capacity means that the

battery can provide energy for a longer period of time so ideally this number is as

large as possible.

• Voltage: This is the potential difference (V) between the two electrodes. For

batteries, this is the potential of the redox reaction that occurs within the cell,

and for supercapacitors it is the maximum voltage applied across the plates. Again

this should be as large as possible.

• Energy: This is how much energy is stored in the device, measured in Watt-hours

(Wh). Again this is often normalised by mass to give Whg-1 or by volume to

give Whcm-3. The energy density (Whg-1) is the number quoted most often when

trying to establish the capabilities of an energy storage system. For batteries, this

is most commonly calculated by multiplying the capacity and voltage together.

For supercapacitors, it is calculated by by taking half the capacitance (see Section

1.4) multiplied by the maximum voltage squared. (0.5CV2). The higher the energy

density, the more successful the device.

• Power: This is a measure of how rapidly energy can be extracted from the system.

It is usually measured in Watts or kilowatts per gram (Wg-1 or kWg-1). This

can be calculated in a variety of different ways for the different devices. For

supercapacitors, the maximum power is related to the internal resistance of the

cell (See Section 2.8.1). For batteries, this is often established by increasing the

current used to charge and discharge the cell and seeing how the capacity of the

cell behaves. If the cell maintains its capacity, even at high currents, then it is

deemed to have good power density [28, 29]. Again, the power density should be

as high as possible.

1This can be complicated by how exactly the masses and volumes used in these calculations are used.
Commercial cells use the mass and volume of the final fully packaged cell. However this is unrealistic
for many lab scale operations. Instead, the mass of the electrode material used in the cell should be
used. One electrode is usually in vast excess so that only the mass of the relevant electrode is used.
Some groups report the mass calculated based only on the active material in the electrode (removing
conductive agent and the binder that are often included alongside the active material) This has an effect
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1.4 Supercapacitors - Overview and working principle

All capacitors consist of two electrodes, anode and cathode, separated by a dielectric

material. Dielectric materials are insulating materials that can be polarised by an ap-

plied electric field, many materials fit this description including glass, plastics and metal

oxides. When a voltage is applied across the two plates, charge accumulates on the elec-

trodes driven by the difference in potential. Since the dielectric is non-conducting, elec-

trons cannot flow across the electrode-dielectric boundary and so the charge is ’stored’

on the surface of the electrodes at a potential equal to that of the applied voltage. No

actual electron transfer (redox reaction) takes place.

The ‘capacitance’ of a capacitor is measured in Farads (F) which is defined as the ratio

of charge stored on the plates and the voltage applied across them,

C = Q/V (1.1)

Where Q is measured in Coulombs and V is measured in Volts. Any capacitor with

a ‘very high’ capacitance is deemed to be supercapacitor [30]. There has been much

discussion the literature as to where exactly the line between a non-supercapacitor and

a supercapacitor is in terms of a capacitance value [25].

Most supercapacitors are electrical double layer capacitors or EDLCs. They rely on a

liquid electrolyte with a salt dissolved in it. A purely capacitive double layer is generally

accepted to have 4 reigons, the Inner Helmholtz plane (IHP), the Outer Helmholtz Plane

(OHP), the diffuse layer and the bulk, indicated in Figure 1.4.

The IHP is made of adsorbed ions that either have no solvation shell or only a partial

one, the thickness of this plane is taken as the centre of the adsorbed ions. The OHP is

made up of fully solvated ions and so they exist slgihtly further away from the electrode

surface. The thickness of the OHP is taken as the centre of these solvated ions. The

thickness of these layers is dependant on the size of the ions in the solution, but in

common aqueous electrolytes such as KCl they are on the order of a few Angstroms [25].

Often the IHP and OHP are referred to collectively as the Stern layer.

of artificially inflating numbers, especially in the case of sulfur batteries, where the sulfur loading in the
electrode could be as low as 50% of the electrode mass). In this thesis, all mass calculations will be done
using the mass of the limiting electrode, inclusive of the binder and conductive agent.
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Figure 1.4: An illustration of the electrical double layer that forms at planar electrodes
in solution. Reproduced with minor alterations with permission from Du et al., [2]

As the distance from the electrode increases beyond the OHP, the concentration of

ions (and thus the potential) will still be slightly higher than the bulk concentration.

Eventually, the effects of the electrode are no longer felt by the solution and the ion

concentration becomes identical to the bulk. This distance from the OHP until the ion

concentrations reaches its bulk value is called the diffuse layer. This model of course

works best for a planar electrode.

For electrode materials, activated carbon is the most common for both the anode and

cathode. Activated carbon is a form of carbon that has been ’activated’ through action

of a strong acid or base. This activation corrodes the sample and creates many pores

of various sizes in the material giving it a large surface area. This large surface area is

what gives rise to the high capacitance. As shown in Figure 1.5, increasing the surface

area allows more charge to be stored on the electrode. Therefore a high capacitance

value is obtained. How well the double layer formed in these materials relates to the

theory described above depends on the size of the pores relative to the size of the IHP,

OHP and diffuse layer.
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Figure 1.5: A) An electrode with a low surface area. B) An electrode with a larger
surface area which is able to store more charge on the surface as a result. C) A sketch
of a full supercapacitor with both current collectors both electrodes and the electrolyte
and separator. C reproduced from Saleem et al., [3] with minor alterations under

Creative Commons Attribution Licence

Graphene has been extensively investigated over the past few years due to its high

conductivity and high surface area [31–34]. However, activated carbon still remains the

electrode material of choice for most academic and commercial supercapacitors due to its

low cost and natural abundance. Most activated carbons on the market are derived from

coconut husks as they have been shown to have ideal pore sizes [35, 36]. Alternatively,

activated carbon can be derived from metal carbide precursors; though this is generally

a much more expensive synthetic route [37, 38]

The electrolyte in traditional supercapacitors is most commonly acetonitrile as a sol-

vent with a quarternary ammonium salt e.g. tetrabutylammonium tetrafluoroborate
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(N(C4H9)4 BF4) or tetraethlyammonium tetrafluoroborate (N(C2H5)4 BF4) [39]. Propy-

lene carbonate is an alternative to acetonitrile as a solvent, however it used much less

often due to the lower power densities obtained when using it [40, 41].

The energy stored in a supercapacitor is given by Equation 1.2

E = 0.5CV 2 (1.2)

Where E is the energy stored in Joules, C is the capacitance in Farads and V is the

max voltage of the supercapacitor (in Volts). As the capacitor is discharged, the voltage

drops linearly with time (assuming the current drawn is constant). This leads to Voltage-

Charge curves such as Figure 1.6.

Figure 1.6: The discharge profile of an ideal supercapacitor. The voltage decreases
linearly less charge is stored on the surface of the capacitor.

By substituting Equation 1.1 into Equation 1.2 the following expression for the energy

can be obtained.

E = 0.5QV (1.3)

Therefore, the area under this discharge curve is equal to the energy stored in the device.

From Equation 1.1 it can also be seen that the gradient of this curve is equal to the

inverse capacitance (1/C) of the device. A device with a higher capacitance will lose its

charge more slowly and consequently such a curve will have a lower gradient.
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1.5 Ion batteries - Overview and working principle

Ion batteries also consist of a cathode and anode with an electrolyte between the two

electrodes. Unlike supercapacitors, the anode and cathode materials used in ion batteries

are not the same as each other. The other major difference between supercapacitors and

ion batteries is that redox reactions occur inside the cell in an ion battery. This is best

represented by the following two equations that occur in a typical lithium ion battery,

Cathode: CoO2 + Li+ + e−
discharging−−−−−−−⇀↽−−−−−−−
charging

LiCoO2

Anode: LiC6
discharging−−−−−−−⇀↽−−−−−−−
charging

C6 + Li+ + e−

Due to this electron transfer process, the amount of charge stored is not limited by

the surface area of the electrode as it is with supercapacitors. The intercalating ions

can diffuse through the solid structure of the electrode material to occupy sites in the

lattice. This means that the amount of charge stored in a battery is a lot higher than

in a supercapacitor. However, because the process is no longer purely surface based and

relies on solid state diffusion of the ions through the electrode, the rate at which these

reactions happen is a lot slower than the surface adsorption of ions in a supercapacitor.

Consequently, batteries generally have lower power outputs than supercapacitors.

The voltage of a battery is determined by the equilibrium potential of the redox reaction,

such as the one shown in Figure 1.7, which has a nominal potential of 3.8 V [12].

The voltage-charge curves for a battery therefore look very different compared to a

supercapacitor. In an ideal case, the voltage at which the redox reaction occurs is

independent of the amount of charge stored in the battery. This means that the voltage

of the cell remains constant during discharge until the reaction has gone to completion

at which point the difference in potential between the electrodes drops to zero.

Like a supercapacitor, the energy stored in an ion battery is calculated by finding the

area under the voltage-charge curve. In the ideal case, as depicted in Figure 1.8 the

energy is given by the voltage multiplied by the total charge stored in the cell. Ion

batteries can maintain their voltages for longer than supercapacitors. Coupled with the

naturally higher capacities, ion batteries are capable of storing much more energy than a
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Figure 1.7: A schematic of a “typical” lithium ion battery based on a graphite anode
and a cobalt oxide cathode. The discharge reaction is being shown. The lithium ions
move from the anode to the cathode through the electrolyte and the electrons move from
the anode to the cathode through the external circuit. Reproduced with permission

from Novinsky et al. [4].

Figure 1.8: The discharge profile of an ideal battery. The voltage is fixed at the
voltage of the redox reaction inside the cell until the charge in the cell is depleted.

supercapacitor, but, as previously mentioned, they cannot deliver their energy payload

as quickly.

The electrode materials used in ion batteries are much more diverse than supercapaci-

tors. Cathodes can range from transition metal chalcogenides such as CoO2 or MoS2 to

phosphates such as Fe(PO4) or organic compounds [12]. Anodes are ideally the parent
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metal but other examples are known such as graphite or TiO2 for lithium ion batteries

[42].

Common ion battery electrolytes are based on organic carbonates, such as propylene

carbonate (PC) or diethyl carbonate(DEC), often a mix is employed e.g. 1:1 PC:DEC,

as this gives a better performance than one solvent alone. The salt used is often a

hexafluorophosphate or perchlorate salt of the ion [43].

1.6 Electrolytes

In its most simple form, an electrolyte consists of a salt dissociated in a solvent. The role

of the electrolyte is to complete the circuit by allowing the transport of ions between the

two electrodes. Any electrolyte used in a battery or supercapacitor system must meet

several key criteria (in rough order of importance):

1.6.1 Electrochemical window

The electrochemical window is defined as the potential range over which a particular

solvent does not undergo decomposition. For example, at 1.23 V vs the standard hydro-

gen electrode, water is oxidised into oxygen gas. At 0.00 V vs the standard hydrogen

electrode, protons are reduced to hydrogen gas. This means that, thermodynamically at

least, water has an electrochemical window of 1.23 V. Practically this can be extended if

the electrodes used are particularly unfavourable for one or both of those reactions (see

section 1.7). For example the lead acid battery is able to operate at 2 V, despite using

an aqueous electrolyte, because the hydrogen evolution reaction is quite unfavourable

on the lead surface [44].

Ideally the electrochemical window of the electrolyte is as large as possible. A larger

electrochemical window corresponds to a higher maximum voltage for both batteries and

supercapacitors. A supercapacitor or battery that uses a solvent with an electrochemical

window of only 0.5 V could only be charged to a maximum voltage of 0.5 V. If a solvent

with a 5 V window was used instead, then the supercapacitor could theoretically be

charged to 5V. According equation 1.2 this would result is a 100 fold increase in the

energy stored in the supercapacitor. In general, water is viewed as being quite unstable
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electrochemically and has one of the smallest windows of readily available solvents.

Aprotic organic molecules such as acetonitrile or cyclohexane generally have much larger

electrochemical windows [45].

1.6.2 Ionic conductivity

In order for an electrolyte to be used in a cell, it must be able to conduct ions. Excluding

ionic liquids, where the liquid is made from charged species, this is usually attained by

dissolving a salt in the chosen solvent. Water has an advantage here as it is able to

dissolve a wide variety of ’simple’ salts such as sodium chloride, in high concentrations

due to its polarity. Organic solvents such as acetonitrile cannot dissolve these inorganic

salts in high enough concentrations to be usefully conductive and so must use quater-

nary ammonium based salts such as those mentioned in section 1.4. Non-polar organic

solvents such as cyclohexane cannot dissolve any salts and are therefore not used as

electrolytes.

1.6.3 Thermal stability/volatility

Batteries and supercapacitors ideally have a large operation range in terms of temper-

ature. It not only diversifies their potential applications, but also limits the possibility

of failure should unexpected conditions arise. For example, acetonitrile based super-

capacitors are usually rated to perform between -40 and +70 degrees Celsius which is

considered to be an acceptable temperature range for general use [46]. Again, water

has an advantage here, with the addition of additives, the freezing point of water can

be lowered and a higher maximum temperature can be achieved. The use of volatile

solvents with low boiling points and flash points such as tetrahydrofuran is highly un-

favourable as gas evolution in the cell can not only reduce cell performance but can also

be dangerous [47].

1.6.4 Cost

Low cost is essential for establishing long term viability of commercial devices. Ionic

liquids are very expensive and so are not generally favoured. Acetonitrile and other
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organic solvents are not quite as expensive as ionic liquids, e.g. a typical price of ace-

tonitrile is 2 USD/kg at scale. However, most of the cost of the standard electrolyte

for supercapacitors comes from salt that is used. Readily available salts like chlorides

or sulfates do not easily dissolve in acetonitirle and so more expensive salts based on

quarternary ammonium cations must be used.

For Ion batteries the organic carbonates used for the electrolytes, like acetonitrile, are

not expensive on their own, but the salts used in conjunction with them such as LiPF6

are much more expensive than cheaper alternatives such as LiCl. Using non-aqueous

systems such as these also increases production cost further as the solvents are required

to be anhydrous as any water in the electrolyte can undergo electrolysis inside the cell.

The requirement for dryness can also add cost to other areas of production. For example

the electrodes must be thoroughly dried, usually by placing them in an oven at high

temperature for a long period time, before they can be used in cells.

Water is much cheaper than any organic solvent and the potential use of simple inorganic

salts like NaCl as a source of conductivity represents a further massive cost reduction

[48]. The processing costs of such electrolytes would be much lower as they would not

need to be dried extensively before use. Using water would also eliminate the need to

dry the electrode before use which cuts costs further and could enable faster production.

1.6.5 Safety and environmental impact

Safety and environmental impact are much more pertinent to batteries, but are also

factors to consider for supercapacitors. Lithium ion batteries regularly make headlines

due to malfunctions, which can lead to catastrophic failure [49]. This is not only a result

of the chemistry of the cell but also the flammable organic electrolytes used. Choosing a

non-flammable electrolyte would reduce the safety concerns significantly. Furthermore,

many organic solvents are toxic and environmentally harmful which can make dealing

with cells at the end of life more difficult [50]. Using an aqueous electrolyte would solve

this problem.



Chapter 1 Introduction 16

1.6.6 Compatibility

The electrolyte must be compatible with commonly used (and inexpensive) battery ma-

terials. For example, steel is an ideal current collector for batteries or supercapacitors

due to its low cost. However, chloride containing electrolytes corrode steel at relatively

low potentials and as such the two are not compatible [51]. Even if the electrolyte compo-

nents are cheap, if they are only compatible with expensive metals such as molybdenum

or tantalum then the electrolyte may end up not being scaleable [52]. Highly acidic or

basic aqueous electrolytes are often not compatible with many materials. The compati-

bility of materials with organic solvents is more case-by-case. In the case of magnesium

ion batteries for example, many organic solvents are known to decompose on the mag-

nesium metal surface, forming an impenetrable solid electrolyte interphase (SEI) which

stops cell function [51].

1.6.7 Summary

Figure 1.9: A summary of electrolyte requirements listed in the previous section.
All common classes of solvents are evaluated based on their performance in a certain
category. Ticks indicated the solvent performs well in that criterion, crosses imply
poor performance and tilde represent middling performance. Ionic liquids have a large
variation in properties, some do have large electrochemical windows while others do
not [5]. Compatibility is also on a more specific solvent-material basis as previously
mentioned. Ionic liquids are generally very corrosive and so are only compatible with

a few materials [6].

From Figure 1.9 it can be seen that while water appears to be the best solvent, the one

major drawback is its electrochemical window. This lower electrochemical window leads

to lower voltages and thus, greatly reduced energy densities. The drop in energy density

is most pronounced for ion batteries, where commercial cells which employ polar organic

solvents, routinely reach 4 V.
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The reduced energy density alone makes water not viable as a solvent for modern energy

storage applications (with the exception of the lead acid battery). Modern commercial

ion batteries and supercapacitors use polar organic solvents such as acetonitrile or a

mixture organic carbonates in order to achieve the energy density required for modern

applications.

If this one drawback could be overcome, the impact would be far reaching.

1.7 Water splitting

As mentioned previously in section 1.6.1 the thermodynamic potential at which water

is split into hydrogen and oxygen is 1.23 V

H2O(l) −−→ H2(g) + 0.5 O2(g) Eo = −1.23V (1.4)

However the potential at which this reaction actually occurs also depends on various

over-potentials present in the system.

H2O(l) −−→ H2(g) + 0.5 O2(g) Eo = −1.23V + η (1.5)

Over-potentials can come in many forms. For simplicity, over-potentials can be separated

into anode and cathode and “other” contributions which includes terms like the over-

potential (η) that arises form the solution resistance. Therefore increasing the over-

potentials for the water splitting reactions on the electrodes is a viable way to increase

the operating voltage of aqueous electrolytes. This is the strategy employed in lead acid

batteries to attain their 2 V operating voltage.

However, simply having a large anode or cathode over-potential on its own is not enough.

As soon as the over-potential for one of the reactions is surpassed then that reaction will

start to occur and electrolyte decomposition will begin. This will be discussed further

in section 1.8
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1.8 Extending the Electrochemical Window of Water

Given the clear advantages of water as an electrochemical solvent, it is not surprising

that many attempts have been made to extend the electrochemical window of water and

open up higher energy densities as a result. This section will detail some of the methods

employed in the literature thus far for both ion batteries and supercapacitors.

1.8.1 Artificial Solid-Electrolyte interphases

The notion of a solid electrolyte interphase (SEI) has been around since the conception

of the lithium ion battery. During the first few cycles of a lithium ion battery, the anode

undergoes a reaction with the electrolyte and a passivation layer forms on the anode

surface. This layer is comprised of a complex mixture of species that are dependent on

the exact nature of the electrolyte [53, 54]. The SEI is still ionically conductive and so

Li+ ions are still able to pass through to the graphite. However, further side reactions

with the electrolyte are prevented. Therefore the formation of the SEI is advantageous

for lithium ion batteries and is one of the reasons that traditional cells are able to achieve

such high voltages [55].

Many groups have tried to develop ‘Artificial SEI’s’ which they can coat on to electrode

materials to suppress water splitting. The underlying concept is that if one can prevent

water from reaching the electrode, then water splitting will be observed. Using this

methodology Yang et al.[56] were able to achieve a 4 V aqueous battery using a highly

fluorinated ether, coated on the lithium surface prior to cell assembly. During the first

charge, the ether was selectively reduced on the surface, which created a hydrophobic

SEI that repelled water from the interface but allowed Li ions to still pass through.

The electrolyte used was a water in salt electrolyte, which is discussed in more detail in

Section 1.8.5. Using this methodology a 4 V battery was constructed that was compatible

with both graphite and lithium metal anodes.

Artificial SEIs can also be prepared prior to assembling the cell. Subramanya et al. [57]

formed a carbon-TiO2 composite by thermally decomposing glucose on the surface of

TiO2 particles enabling an aqueous battery that could be charged to 2 V. Zhi et al. [58]

used a Langmuir trough based technique to coat their anodes with reduced graphene
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oxide films. Lithium ion batteries made with these coated cathodes were able to achieve

1.9 V in 1 M Li2SO4.

Beyond lithium batteries, a zinc battery was constructed by Han et al. [59] with an

artificial SEI deposited on a V2O5 cathode. This artificial SEI was made in situ by

polymerising various heterocyclic monomers onto the cathode surface. Zinc batteries are

lower in voltage than lithium ion batteries and therefore water splitting is not generally

a major concern, the main advantage was that the thermal stability of the system was

drastically improved by the SEI.

As evidenced, in batteries, SEIs can perform a useful function. As long as they are

ionically conductive, the passivation they provide can extend the voltage window of the

electrolyte and extend the lifetime of the cell. For supercapacitors however, SEIs are

detrimental. As discussed in Section 1.4 the higher the surface area of the electrode, the

higher the capacitance of the cell. The formation of an SEI would lead to a decrease

in the active surface area as the micropores are filled with solid deposits. Over time

SEIs do still form in supercapacitors [60]. These decomposition reactions are driven by

reactive functional groups, such as carboxylic acids, that remain on the surface of the

activated carbon electrodes after the activation process. These trigger decomposition of

the electrolyte and electrode which results in the formation of an SEI and a decrease in

the performance.

One rare example of an artificial SEI in a supercapacitor was presented by Hong et al.

[61] where they used atomic layer deposition to coat activated carbon particles with 2

nm of Al2O3. This thin layer protected the reactive functional groups on the surface

and extended the electrochemical window in a non-aqueous electrolyte to 3 V without

adversely affecting the porous structure.

1.8.2 Electrode functionalisation

The main method used to extend the electrochemical window of non-aqueous superca-

pacitors from an electrode engineering perspective, is rigorous purification of the acti-

vated carbon or use of materials such as carbon nanotubes that do not contain these

functional group impurities in the first place [62]. Izadi-Najafabadi et al. [63] were able

to obtain a 4V supercapacitor using a non-aqueous (acetonitrile) electrolyte using carbon
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nanotube electrodes which were free of functional group impurities. Generally, acetoni-

trile based electrolytes only achieve 2.7 V on activated carbon due to the impurities

mentioned previously.

Purification of the activated carbon is not widely used on aqueous supercapacitors how-

ever. The reason for this is that these functional group impurities impurities are actually

advantageous in an aqueous system. These functional groups improve the wetabillity of

the electrode (this is important for all the available surface area being used) and can

increase the capacitance (and subsequently the energy density as per Eq 1.2) as a result

of the pseudocapactive contributions [64–66].

1.8.3 Mass balance

As shown in Figure 1.6 and 1.8 the way in which the voltage of the device changes as

it discharges is different between ion batteries and supercapacitors. In ion batteries the

voltage (difference in potential between the electrodes) stays more or less constant as

the cell is charged and discharged, which means both the anode and cathode remain at

approximately constant potential during discharge.

For supercapacitors , the voltage of the cell decreases linearly with charge, and therefore

the potentials of both the anode and the cathode must also be constantly changing. In

an ideal case, this change in potential will be linear according to equation 1.3. This is

shown in Figure 1.10

Starting from the equilibrium potential (blue dot) at 0 charge, the cell is charged and

the potential (φ) of both the anode and cathode change linearly with an absolute gradi-

ent of 1/C for that particular electrode. In the example in Figure 1.10 both electrodes

have equal capacitance values and so they change potential at the same rate. However,

because of the position of the equilibrium potential relative to the electrochemical win-

dow, the cathode (in blue) reaches the upper potential limit of the electrolyte before the

anode (in yellow) reaches the lower limit. Because the electrode is now at a potential

sufficient to reduce the electrolyte, the cathodic decomposition reaction will begin taking

place. Therefore the maximum difference in potential attainable by this supercapacitor

is less than the full voltage window of the solvent.
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Figure 1.10: The variation in potential (φ) of both the cathode (blue) and anode
(yellow) as a function of charge stored on the electrodes. The upper and lower poten-
tial limits of the electrolyte are indicated as well as the voltage window, which is the

difference in potential between the two limits.

With this model in mind, the effect of both changing the mass loading of each electrode

and the equilibrium potential can be investigated. First by altering the mass balance,

the capacitance of the electrode is changed.2 This changes the gradient of the line. In

Figure 1.11 the mass of the cathode has been increased relative to the anode meaning

the gradient (1/C) has decreased.

As a result, the maximum difference in potential achieved is increased compared to the

non-mass balanced case (Figure 1.10). Vaquero et al. [67] were able to demonstrate that

for aqueous supercapacitors based on a K2SO4 electrolyte, changing the mass ratio of

m+: m- from 1:1 to 2.46:1 improved the stability of the device at high voltages; though

degradation was still observed. Redondo et al. [26] were able to achieve a voltage of

3.2 V in acetonitrile by mass balancing their activated carbon electrodes and finding

the optimal amount of graphene doping. This approach was aimed at improving energy

density and so both specific capacitance and voltage were considered in crafting their

optimal device.

2Note, the specific capacitance (Fg-1) or volumetirc capacitance Fcm-3 are unchanged as they are
inherent to the material, however, since there is a different amount of material the total capacitance in
Farads will change.
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Figure 1.11: The variation of potential of both the cathode (blue) and anode (yellow)
as a function of charge stored on the electrodes. In this example, the positive electrode
(cathode) has a greater mass loading than the negative electrode (anode). This means
the capacitance value of this electrode is higher and so the gradient of this line (1/C)
is lower. If adjusted correctly, the potential window can be widened as a result of both

electrodes hitting the electrolyte potential limits at a similar amount of charge.

This approach is also used widely in asymmetric capacitors (and ion batteries), where

the two electrodes have different specific capacitances (or specific capacities) to begin

with, however, in these cases, it is mainly for the purpose of not having any wasted

material on a given electrode rather than to improve the operating voltage.

1.8.4 Adjusting pH

Although the difference in potential between the two water splitting reactions is always

1.23 V, the potential at which the individual reactions occur is pH dependent. For

each pH point increase the standard potential of both oxygen and hydrogen evolution

decreases by 59.2 mV, this is shown in the Pourbaix diagram in Figure 1.12.

From Equation 1.5, this thermodynamic limit may not be the actual onset potential for

water splitting observed due to the presence of over-potentials. If the over-potential of

these water splitting reactions is pH dependant, then it makes sense to adjust the pH to

maximise the potential window. If these reactions are not pH dependant then the pH
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Figure 1.12: A Pourbaix diagram of water showing the pH dependence of the two
water splitting reactions, hydrogen evolution and oxygen evolution. The difference in
potentials is always 1.23V, however the potential of each reaction changes with pH.

c©Wikimedia Commons 2017, used under Creative Commons licence

will determine the combination of electrode materials that can be used as the stability

window will be the same over all pH values.

Aside from a few other special cases such as this, the widest electrochemical windows

are almost always observed in neutral solutions. Consider the four reactions in Figure

1.12: The reactions responsible for the evolution of hydrogen both increase the pH of

the solution, either by consuming H+ at low pH or producing OH– at high pH. While

these reactions, will not have a large effect on the pH in the entire electrolyte, they

will heavily impact the local pH. In the case of hydrogen evolution, it will make the

local environment more basic, which will shift the potential of this reaction to more

negative potentials, which makes it more thermodynamically unfavourable. Likewise

for the oxygen evolution reactions, both result in a large, local, pH decrease when they

occur. This decrease shifts these reactions to higher potentials. This negative feedback

loop is most pronounced when the concentration of both H+ and OH– is low in solution

i.e.at pH 7, as the local pH swing will be the largest under these conditions.

This is backed up by many experiments on both supercapacitors and ion batteries, all

concluding that the voltage window of an electrolyte is the widest when the pH is neutral,

with values of 1.6 V and even 1.8 V being commonly quoted numbers [68–75].
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1.8.5 Water-in-salt electrolytes

In recent years, the most noticeable advance in aqueous energy storage technologies is

the development of the ‘water in salt’ electrolyte. Water-in-salt electrolytes were first

demonstrated by Suo et al. and can have electrochemical windows as wide as 3 V [7].

Lithium bis(trifluoromethane)sulfonimide (LiTFSI) was used as the salt in the original

publication and was prepared in concentrations as high as 22 molkg-1. At this high

concentration, there are not enough water molecules to fully solvate the ions, hence the

term ‘water-in-salt’. Because there are no free water molecules, the potential of the water

splitting reactions deviate from the standard reduction potentials significantly. Figure

1.13 C shows that for a 21 m (molal, molkg-1) LiTFSI electrolyte the electrochemical

window is 3 V.

Since this initial publication, water in salt electrolytes have attracted a large amount

of attention in the literature for both ion batteries and supercapacitors. In 2017, Suo

et al. also showed an aqueous sodium ion battery capable of being charged to 1.6 V

in an electrolyte based on sodium trifluoromethane sulfonate (NaOTf) which had an

electrochemical window of 2.5 V at 9.26 m concentration [76]. This highlights an issue

in the development of high voltage aqueous electrolytes for ion batteries that is mostly

absent for supercapacitors. The maximum potential of an ion battery is determined

by the chosen electrode materials. Even if the electrochemical window of the solvent

is 4 V, if the chosen materials have a potential difference of only 0.5 V then the final

cell will have a maximum voltage of 0.5 V. The challenge becomes finding electrode

materials that fit at the extremes of the solvent window so as to maximise the cell

voltage. If even one of the half reaction potentials of the electrode material lie outside

of the electrochemical window of the solvent then solvent splitting will be favoured and

the cell will not function.

Most of the wide library of electrode materials for ion batteries has been developed with

the constraints of the window of the standard organic electrolytes in mind. When a new

solvent system is developed that has a potential window in a different position to that

of the standard electrolytes, in order to maximise the window of the new electrolyte,

new electrode materials must be developed along side it.

Jiang et al. were able to improve the voltage of their water-in-salt sodium ion battery

to 1.74 V by altering the electrode materials and also were able to extend the window
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Figure 1.13: The electrochemical window of LiTFSI based water in salt electrolytes
at various concentrations. A) The reductive stability of the electrolytes is shown, there
is a reduction of the current density in this regon as the concentration in increased.
The 21 m (molal, molkg-1) sample in red, shows the greatest stability over the poten-
tial range. B) The oxidiative stability of the electrolytes is shown. Again there increase
in concentration results in a lowered current density. C) The overall window of the
eelctrolytes is shown vs Li/Li+. For the 21m sample it is shown to be 3 V. Repro-
duced with permission from The American Association for the Advancement of Science

Copyright c© 2015 from Suo et al. [7]

of 9 m NaOTf by including 22 m tetraethylammonium trifluoromethane sulfonate as an

inert cation [77]. The achieved capacity was more than double that reported by Suo et

al. for thier system.

A potassium ion battery has also been made with a water-in-salt methodology by

Leonard et al. [78]. The advantage of this system was that is was able to achieve

an extended electrochemical window of 3.2 V with potassium acetate at a concentration

of 30 m. Most other water-in-salt based batteries rely on heavily fluorinated sulfones

which are much more expenisve and hazardous than acetate ions are. This electrolyte

was co-opted by Han et al. who used a mixture of sodium acetate (8 m) and potassium
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acetate (32 m) to create an electrolyte for a sodium ion battery. This cell was only able

to achieve 1.2 V. It was again constrained by availability of viable electrode materials

in the appropriate potential range.

Supercapacitors are not limited as much as ion batteries by electrode materials. Despite

this, the application of water in salt electrolytes to supercapacitors has been met with

limited success. Bu et al. used a 17 m solution of sodium perchlorate (NaClO4) to

produce a capacitor capable of reaching 2.3 V. This is still below the standard 2.7 V

mark achieved by acetonitrile based electrolytes. The rate capability of this system

was very high, showing a capacitance retention of 88.5% when the charging/discharging

current was increased from 1 Ag-1 to 20 Ag-1.

Water-in-salt electrolytes represent a large advance in the viability of water based elec-

trolytes due to their extended electrochemical window. However, much work is still

needed to assess their long term stability. The most popular salts (TFSI based) are

prohibitively expensive which thereby negates one of the main advantage of water over

other alternative solvents.

1.8.6 Miscellaneous

The approaches listed in the preceding sections are currently the most common methods

of extending the electrochemical window of water. Further attempts have been made to

tackle this problem from unique angles.

Cai et al. recently used heavy water (D2O) as a solvent to obtain a 2.3 V superca-

pacitor [79]. They used computational studies to show that the activation barrier to

water splitting is greatly increased in D2O compared to H2O which in turn led to the

higher operating voltage of their 1 m Na2SO4 supercapacitor. Although there is a cost

advantage to not having to use large amounts of salt, using heavy water undoubtedly

impacts the scalability of these devices due to cost.

1.8.7 Summary

Water is clearly a desirable base for an electrolyte in both ion batteries and supercapac-

itors. While many accept water’s failings and make devices that are 1 V or lower, there
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is a large amount of research going in to determining how to extend the electrochemical

window of water. Doing so would enable a large increase in energy density compared

with existing aqueous systems while also being far cheaper and environmentally friendly

than current organic solvents.

1.9 Microemulsions

Microemulsions (MEs) are thermodynamically stable mixtures of two or more immiscible

liquids. Generally these are water and an ’oil’ which is any liquid immiscible with water.

A surfactant and co-surfactant are also usually included in the composition. Because of

their amphiphillic nature, the surfactants reduce the surface tension between the polar

and non-polar phases to such an extent that it is thermodynamically favourable to mix

the two. This is determined by the following equation

∆G = γ∆A− T∆S (1.6)

For spontaneous formation of the microemulsion theΔG must be negative. TheΔS term

is the entropy of mixing, which will always be positive. ΔA, the change in surface area,

is always very large given that the dispersed droplets will have a much larger interfacial

surface area than when the two phases are separated. The surface tension γ will always

be a positive value, therefore, it must be reduced significantly to overcome the effects of

the large ΔA term. Doing so allows the TΔS term to dominate and make ΔG negative

overall.

One example of a stable ME composition is 84 wt% distilled water, 4 wt% sodium dodecyl

sulfate (SDS), 9 wt% n-butanol and 3 wt% cyclohexane. In this example, SDS is acting

as the surfactant and n-butanol is a co-surfactant. Upon mixing the components in the

required ratios, a cloudy solution is observed. Over time however, the solution becomes

clear, indicating the formation of a microemulsion.

While MEs are macroscopically homogeneous, they are microscopically heterogeneous.

The microstructure of MEs is also very complex and can differ a lot depending on the

exact composition. Broadly speaking there are three categories of microemulsion: oil in
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water (o/w), water in oil (w/o), and bicontinuous. Examples of the microstructure of

these types is shown in Figure 1.14

Figure 1.14: Three broad types of microemulsion that can be made. From left to
right, oil in water, water in oil, and bicontinuous. Yellow represents the polar head

group of the surfactant and the black line is the non-polar tail.

In water in oil systems, the surfactant and co-surfactant (if required) form micelles

around water with oil as the bulk phase. This is reversed for oil in water systems.

Bicontinuous systems are more complex, no discrete micelles exist, instead, the phases

are somewhat evenly interspersed with one another.

Which type of microemulsion is present depends on the components used, their ratios

and the temperature. For a given set of components a phase diagram can be constructed

which represents the different possible outcomes. In order to simplify systems with more

than three components, the ratio of one set of compounds e.g. the surfactant and co-

surfactant, is kept constant. This simplifies the diagram to a ternary phase diagram.

An example of such a phase diagram is shown in Figure 1.15

Microemulsions are widely used in many fields such as food products, pharmaceuticals,

cleaning products, pesticides, cosmetics, catalysis and polymer synthesis. They are also

used in the materials chemistry literature as a way of synthesising nanoparticles [80].

1.9.1 Microemulsions as electrolytes

Despite having the propensity to act as an incredibly versatile solvent, microemulsions

have not been used widely in electrochemistry. One of the first, researchers to inves-

tigate the use of microemulsions as an electrolyte in electrochemical systems was J. F.

Rusling in 1987, on an electrocatalytic reduction in what was referred to as “a surfactant

stabilised emulsion” [81]. The goal of the research was to investigate the reduction of
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Figure 1.15: An example of a ternary phase diagram for a oil/water/surfactant-
cosurfactant mix. In order to simplify the diagram to three phases, the surfactant and
co-surfactant ratio is kept constant. Various compositions result in different outcomes

in terms of microemulsion structure.

ethylene dibromide, which is an envrionmentally hazardous lead scavenger used in gaso-

line. The reduction of ethylene dibromide is electrocatalysed by Vitamin B12. However,

Vitamin B12 is water soluble whereas the analyte of interest is dispersed in the gasoline.

Therefore, an emulsion system was used so that the catalyst and analyte could be mixed

effectively.

A follow up article in 1990 demonstrated the use of bicontinuous MEs as an electrolyte

[82]. The system used in the 1987 article was a w/o emulsion. The conductivity of the

resulting solution was low [81]. By changing to a bicontinuous ME the conductivity

increased and allowed for effective study of a variety of analytes such as ferrocyanide

and [Ru(NH3)6]
3+ as well as more non polar species such as perylene and ferrocene. It

was found that the diffusion coefficients of the species were similar to those observed in

neat solutions and the charge transfer kinetics were broadly unaffected.

Most of the research from Rusling to date has focused on electrocatalysis or electrosyn-

thesis [83] [84] [81] [85] [86] [87] [88]. Various models of what the electrode/electrolyte

interface looks like have been posited. In one instance, the rate of competing reactions

was controlled by a film of adsorbed surfactant molecules [88]. In another it was observed

that electron transfer could be as fast as in a homogeneous solution [84].

Another major researcher in this field is M. Kunitake who first investigated the elec-

trochemistry of microemulsions in 2002 [89] where they proved that both the aqueous
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phase and oil phase could be active electrochemically by probing both ferrocene and

ferricyanide in the same solution. The biggest contribution made by this group has been

a more in-depth probing of the electrode/electrolyte interface.

In 2016 this group investigated a solution of both ferricyanide and ferrocene in a bi-

continuous microemulsion on different electrodes. By changing from hydrophilic indium

tin oxide (ITO) to amphiphilic gold and glassy carbon through to hydrophobic highly

oriented pyrolytic graphite (HOPG) differing redox activity was observed (Figure 1.16).

Both species were observed electrochemically by cyclic voltammetry on the amphiphilic

surfaces. However, only the water soluble ferricyanide was observed in the cyclic voltam-

mogram on the hydrophilic ITO and only the oil soluble ferrocene was observed on the

hydrophobic HOPG as seen in Figure 1.16.

Figure 1.16: Cyclic voltammograms measured in solutions with both ferrocyanide
and ferrocene. The ferrocene redox potential is shifted in the microemulsion so both
species can be observed separately. On the hydrophillic ITO surface only the peak from
ferricyanide is seen in the cyclic voltammogram (black). On the amphiphillic surfaces
both species are observed electrochemically shown by two distinct peaks appearing
the the cyclic voltammogram. One the lipohillic highly oriented pyrolytic graphite
(HOPG) on the peak for the ferrocene is observed in the cyclic voltammogram (green).

Reproduced with permission from Elsevier [8]

The most recent investigation on microemulsion electrolytes comes from Peng et al.
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[90]. They went a step further than Kunitake et al. and used neutron scattering to

investigate the structure of the interface between the electrode and electrolyte. These

studies were not carried out on their working electrode however. Instead, they used a

silicon wafer with an oxide surface layer that was modified with a poly(ethylene oxide)

containing silane. This gave a similar hydrophobicity to glassy carbon (measured by

contact angle). From this study they developed the model shown in Figure 1.17. The

surfactant (Tween 20) arranges its hydrophobic tail on the hydrophobic surface in a

monolayer. The polar head group then facilitates a water rich layer (D2O was used in

the study to increase neutron diffraction) which then leads to the bulk ME.

Figure 1.17: Neutron scattering study done by Peng et al. showing the distinct layers
at the electrode/electrolyte interface. Adapted with permission from Peng et al. ACS
Appl. Mater. Interfaces 2020, 12, 36, 40213–40219. Copyright 2020 American Chemical

Society

The interaction of surfactants on electrodes has been well established [91] and has even

been used in a Zn/Na battery as a way of extending the electrochemical window of the

aqueous solvent [92]. This alone was only able to extend the electrochemical window of

water to 2.5 V.

1.10 A new discovery

Before this research began, our research lab was already investigating microemulsions

for their ability to dissolve a wide range of organic compounds while remaining conduc-

tive. In order to use a redox acitve organic molecules (such as quinones or ferrocene)
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as the active material in a redox flow battery, one must either use some polar organic

solvent with some expensive supporting electrolyte such as tetrabutylammonium hex-

afluorophosphate (TBAP) or derivatise the molecule so that it is soluble in water where

much cheaper supporting electrolytes such as KCl can be used. Both of these options

are expensive and time consuming and reduce the performance of the resulting battery.

Microemulsions get around these issues by having the solubility of the oil phase such that

un-derivatised organic molecules can be used, but retaining the conductivity of the aque-

ous phase so cheap suppourting electrolytes can be used. While running cyclic voltam-

metrey experiments on blank microemulsions an unexpected electrochemical property of

the microemulsions was discovered that opened up the possibilities beyond the original

intended application.

Microemulsions also have a greatly extended electrochemical window compared to that

of water even though water can be the major component by mass. This was sometimes

as wide as 5 V (See Figure 1.18). Previously microemulsions had mainly been studied as

a medium that overcame solubility issues of analytes, allowing both water soluble and

water insoluble species to be analysed at the same time. However, this discovery of the

extended electrochemical window creates opportunities for the use of MEs and opens up

a wider range of applications based on MEs. In particular, MEs have never been used

as electrolytes in energy storage devices before.
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Figure 1.18: Electrochemical window of a microemulsion electrolyte compared to a
0.1 M aqueous KCl electrolyte. The electrochemical window of the microemulsion is
much larger than that of the aqueous electrolyte.Both scans were recorded on a glassy
carbon electrode surface at a scan rate of 100 mV/s. The microemulsion used was based

on sodium dodecyl sulfate and is described in Section 2.5

A provisional patent application was filed based on our findings [93] (see Appendix

B), with the main focus being on this extended electrochemical window effect and its

application into electrical energy storage devices.

As previously mentioned, the ability to use an electrolyte that has all the best features

of water and non-polar organic solvents combined, is potentially of great interest to both

academia and industry.

1.11 Research aims

The overall goal of this PhD project is to investigate the use of microemulsions as

electrolytes in electrical energy storage devices. More specifically the research aims are:

• Discover a cell format that is compatible with the microemulsion electrolytes. This

includes not only the form factor of the cells but also the current collectors.
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• Design and use a microemulsion as an electrolyte in a supercapacitor and evalu-

ate its performance compared to the state of the art of other electrolytes. This

includes:

– Selection/design of an appropriate microemulsion for use in supercapacitors

– Selection of appropriate electrode materials that will be compatible with the

microemulsion and give a high voltage and capacitance

– Electrochemical testing such as cyclic voltammetry and galvanostatic charge/dis-

charge to evaluate the capacitance and power of the system

– Ageing tests to establish the stability of the system over long periods of time

– Comparing the results of the above tests to standard acetonitrile based elec-

trolytes.

• Design and use a microemulsion as an electrolyte in a lithium ion and sodium ion

battery, potassium, calcium, magnesium, and zinc ion batteries. This includes:

– Selection/design of an appropriate microemulsion for use in ion batteries as

it will most likely differ form that used in supercapacitors.

– Selection of appropriate electrode materials that will be compatible with the

microemulsion and also be electrochemically active for redox reactions.

– Electrochemical testing to establish the capacities and working voltages of

the assembled cells

– Establishing the mechanism of any working batteries discovered by physical

characterisations such as X-ray diffraction and scanning electron microscopy.
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Experimental methods

2.1 Galvanostatic Charge and Discharge

Galvanostatic charge/discharge (GCDC) experiments are used to evaluate the amount

of charge stored in a device and also observe electrochemical reactions. The experiment

is run by using a galvanostat to set a current that is kept constant at all times. The

cell adjusts its potential in order to maintain the specified current. For a charge curve,

the potential keeps increasing until the upper cut-off voltage (which is set by the user)

is reached. At this point the current reverses direction and the cell begins to discharge.

Again the potential of the cell adjusts itself in order to deliver the set amount of current.

The potential continues to drop until it reaches a lower cut-off. This is one cycle.

2.1.1 GCDC - Ion Batteries

An example of the plots generated from these experiments is shown in Figure 2.1. In

these curves, any plateaus (such as the one at around 1 V in the discharge curves of

Figure 2.1) are indicative of a faradaic reaction occurring. The cell is able to maintain

this potential as the redox reaction “powers” the current by providing electrons. An

ideal case of this is shown in Figure 1.8.

Whilst the ideal case is a completely flat discharge curve, it is very common to have a

sloping discharge curve. This is because the potential of the redox reaction occurring is

not constant. As mentioned in Section 1.5 the redox reaction of the electrode is almost

35



Chapter 2 Experimental methods 36

Figure 2.1: An example of a sodium ion battery that was charged and discharged
at a rate of 50 mA g-1 Left: A galvanostatic charge/discharge curve that shows the
charge and discharge capacities of the battery. Right:A chronopotentiogram that plots
the voltage of the cell against time. Both experiments show voltage plateaus, where

redox reactions occur.

always accompanied by intercalation of the active ion. This intercalation can distort

the lattice of the solid electrode material and slightly adjust the redox potential of the

reaction occurring [94]. However, flatter curves are more desirable for many commercial

applications as the voltage output is more stable.

The energy density can be calculated by measuring the area under the discharge curve.

Only the discharge curve is used in calculations as it represents the amount of usable

or extractible energy in the cell. The nominal voltage of the cell can also be calculated

from these curves. This should be taken as the midpoint of the plateaus on the discharge

curve [12]. Many groups define the nominal voltage as where the charge and discharge

curves intersect, which is reasonable in an ideal system, however this has a tendency

to overestimate the voltage, especially in cases where the internal resistance of the cell

is high. In cases where multiple redox events occur, such as in Figure 2.1, individual

voltages should be reported for each plateau.

2.1.2 GCDC - Supercapacitors

For supercapacitors, GCDC experiments are also performed. However, there are no

redox reactions occurring so the voltage profile is (in an ideal case) a straight diagonal

line (see Figure 1.6). The energy density of the supercapacitor is given by the area under

the voltage-capacity curve.
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The capacitance of the supercapacitor can also be calculated from these curves. From

Equation 1.1 it is known that the charge stored by the capacitor is equal to the capaci-

tance of the device multiplied by the voltage at which the charge is stored. The amount

of charge stored is calculated by multiplying the applied current by the time taken for

the device to discharge.

I × t
∆V

= C (2.1)

The ∆V term is the difference between the upper and lower voltage cutoffs. In all cells

there is some amount of internal resistance. This can come from a variety of places such

as the wire contacts to the cells, the current collectors, and the solution resistance. Some

of the voltage of the cell is lost. This means that the ∆V term in this should be the

difference between the final and initial potentials after taking into account the voltage

losses across the internal resistance. This is commonly referred to at the IR drop. An

example of an IR drop is shown in Figure 2.2. In this case, the cell was charged and

discharged between 0 and 2.6 V. However there is an IR drop of approximately 80 mV.

This means that when using Equation 2.1, a value of 2.52 V should be used for the

∆V term and not 2.6 V. Not doing so would underestimate the capacitance and energy

density 1.

2.1.3 Coulombic Efficiency

By taking the ratio of the discharge capacity to the charge capacity the coulombic

efficiency is obtained for both batteries and supercapacitors. This figure of merit shows

how efficient the device is. A coulombic efficiency of 100% would indicate that all of

the charge is stored reversibly. For both supercapacitors and ion batteries this number

should be as close to 100% as possible. However, this is unachievable due to inevitable

factors such as internal resistance. Commercial devices will have a coulombic efficiency

of at least 99.9%. For lab scale supercapacitors a figure close to this is attainable. For

ion batteries however, lab scale cells often achieve slightly lower coulombic efficiencies,

around 90-95%, as the faradaic reactions that drive them are not perfectly reversible.

1IR drop is also present in ion batteries. However, it is not as important in lab scale cells. Any voltages
used in calculations should be the voltages of the plateaus in the GCDC curve and not maximum voltage
as it is in supercapacitors.
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Figure 2.2: An example of a supercapacitor GCDC experiment. Inset is a zoomed
in portion at the beginning of the discharge curve. A sharp drop in potential is seen
which corresponds to the voltage loss across the internal resistance of the cell. In theory
this should be a vertical line, however, the software in this case was only recording the
potential of the cell once every second. The software interpolates the potential over

this time which leads to the curve appearing sloped, followed by a horizontal line

2.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is a technique that measures how current changes with po-

tential in an electrochemical cell. This can be used to indirectly observe redox events

within a battery or lack of redox peaks in a supercapacitor. An example of a cyclic

voltammogram is shown in Figure 2.3. As the voltage is swept from the lower vertex

to the upper vertex (the postive or anodic scan), electrochemical reactions will occur at

certain voltages. These reactions produce a current leading to peaks as is seen at 1.5

V in Figure 2.3. The potential is then swept back from the higher vertex to the lower

vertex (the negative or cathodic scan).

CVs can be recorded in either a three electrode or two electrode set up. In a three

electrode set up, there is a working electrode, a counter electrode (also sometimes referred

to as an auxiliary electrode) and a reference electrode. The electrochemical reactions
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Figure 2.3: An example of a cyclic voltammogram of a Prussian blue electrode in a
ME electrolyte. The scan rate was 100 mV s-1 and the reference electrode was Ag/AgCl

in saturated KCl.

that happen are analysed at the working electrode. The current is measured between

the working and counter electrodes. The potential of the working electrode is measured

or set relative to the reference electrode. In Figure 2.3, the reference electrode used

was a silver/silver chloride reference electrode in saturated KCl. The potential of this

electrode is kept constant as no current flows through it. Any redox reaction that

occurs is referenced relative to the reference electrode e.g. the oxidation peak in Figure

2.3 occurs at +1.5 V vs. Ag/AgCl.

In a two electrode cell, the reference and counter electrode are the same. When testing

a battery or supercapacitor, the anode is used as the counter and reference electrode

simultaneously and the cathode is used as the working electrode. This means that the

0 V point is where the difference in potential of the anode and cathode is 0. A positive

voltage implies that the cathode is at a positive potential relative to the anode (hence

why the electrodes are connected in this way). Any negative voltages essentially swap

which electrode is acting as the anode and cathode and so going below 0 V in a two
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electrode set up, especially for batteries, has little merit unless there is a reaction at

potentials close to 0.

In a three electrode set up, it is common to use platinum as the counter electrode as it

has a high exchange current density and is catalytic for many reactions therefore it is

able to keep up with any reactions that happen at the working electrode. The potential

of the counter electrode is not checked, it floats constantly to satisfy the reactions that

happen at the working electrode. If an oxidation happens at the working electrode then

a reduction must happen at the counter electrode. Which reduction reaction specifi-

cally occurs is not important and the counter electrode changes its potential to drive a

reaction.

In a two electrode setup, it is still true that if an oxidation occurs at the working

electrode a reduction reaction must occur at the counter electrode. In a battery, both

of these reactions are important. A single oxidation peak means that there must be

an oxidation occurring at the cathode (the working electrode) and a reduction reaction

at the anode (counter electrode). It is impossible to decouple these reactions in a two

electrode cell but the peaks are still significant. A peak implies that a reaction is able

to happen at both electrodes. The midpoint of the oxidation and reduction peak gives

the formal potential of a given electrochemical reaction. These can be translated into

where plateaus would be expected in GCDC experiments.

The rate at which the potential is swept, known as the scan rate and given the symbol ν,

is also important in CV experiments. Faster scan rates lead to higher currents for both

faradaic and coulombic reactions. However, faster scan rates (e.g. 1 V s-1 can tend to

smear faradaic peaks making them broader and less well defined. If two reactions have

a similar potential then they may appear as one broad peak at higher scan rates. Also

if a reaction is particularly slow, such as one that relies on solid state diffusion then the

reaction may not be seen at a higher scan rate. Going to slower scan rates (e.g. 1 mV

s-1) can resolve these processes but does result in lower currents. Changing the scane

rate is also important to establish the reversibility of a redox process. If the potential

of a peak in a CV is invariant with scan rate then this process is more reversible. If the

peak ‘drifts’ with increasing scan rate then this is a less reversible reaction.

CVs are also important for determining the electrochemical window of the cell i.e. the

maximum voltage it can be charged to. In Figure 2.3 the upper limit for this cell
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appears to be at +2.3V and the lower limit appears to be -0.8V, this gives an overall

electrochemical window of 3.1V. This does not mean that the cell will be able to be

charged to 3.1 V however. If the equilibrium point (point where the cell is at 0 V) of

the full cell is at 0.5 V vs Ag/AgCl for example, the cell would only be able to achieve a

voltage of 1.8 V as at this point it would hit the upper stability limit of the electrolyte.

2.3 Electrochemical impedance spectroscopy (EIS)

While CV and GCDC are direct current (DC) techniques, EIS uses alternating current

(AC) at different frequencies to uncover information about the processes inside a cell.

As the frequency of the AC signal changes the impedance of the connected device is

measured. The data can be presented in a Bode plot, which plots the log of the absolute

impedance versus the log of the frequency used. For electrochemical devices, it is more

common to use a Nyquist plot which plots the imaginary and real components of the

impedance versus each other. An example of a Nyquist plot is shown in Figure 2.4

Figure 2.4: An example of a Nyquist plot showing the various metrics that can be
extracted from a scan of an electrical double layer capacitor. Reprinted with permission
from Physical Interpretations of Nyquist Plots for EDLC Electrodes and Devices by Mei

et al., [9]. Copyright 2017 American Chemical Society.

In order to extract information out of a Nyquist plot, an equivalent circuit must be

constructed. An example of such a circuit is the Randles circuit shown in Figure 2.5.

The Randles circuit is the most simple model that can be applied to an EIS experiment.



Chapter 2 Experimental methods 42

Data obtained from an EIS spectrum can be fitted to the model circuit to extract values

for the various components. The most common method of fitting is a non-linear least-

squares regression analysis which is common to most EIS software.

Care must be taken when assembling a model circuit. Adding more components can lead

to a better fit of the data, however each component should be a physical representation

of a process inside the cell. If a poor equivalent circuit is selected then there is a risk of

reaching incorrect conclusions about the system even if the model fits the experimental

data well.

Figure 2.5: The Randles circuit which is used to fit EIS data. Rs is the solution
resistance, RCT is the charge transfer resistance, CDL is the double layer capacitance
and ZW is the Warburg impedance, which may or may not be included in the model

Figure 2.4 was the result of a first principles modelling approach by Mei et al. [9] where

they were able to fit a Nyquist plot of an electrical double layer capacitor. By removing

the need to fit an equivalent circuit for this type of device, some unequivocal physical

interpretations could be made. This allowed for parameters like the internal resistance

of the cell to be determined for such a device. However, extending this to more complex

systems where electron transfer is occurring for example, has not been done.

2.4 Electrode preparation

A battery electrode is made by pasting a slurry of the active material, a binder and a

conductive agent on a current collector. Usually the current collector is a metal foil but

for this work the material used was carbon foil (0.127 mm thickness, purchased from

Ceramaterials).

The active material performs the desired function, whether adsorbing the charges on

the surface for a supercapacitor e.g. activated carbon or performing redox reactions for
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a battery e.g. cobalt oxide or graphite. The binder is used to bind the material to the

current collector. Polytetrafluoroethylene (PTFE) or polyvinyl difluroide (PVDF) are

the most common materials used for this purpose. The binder has the side effect of

decreasing the conductivity of the mixture. A conductive agent is added to counteract

the loss of conductivity introduced by the binder. Common examples of conductive

agents used are: Super-P, acetylene black, or Ketjen Black.

To form the slurry, all the components are mixed together with the active material (85

wt% of the dry mass), 9 wt% binder (PVDF, MTI Corporation) and 6 wt% Super-P

conductive carbon (99+% metals basis, Alfa Aesar). Once these powders are mixed,

they are stirred magnetically. N-methyl pyrollidone (NMP) (Sigma, 99.9%) is added as

a solvent. NMP is used as an industry standard as its use is known to result in smooth

and homogeneous slurries. NMP was added until the desired consistency was achieved.

Ideally, the slurry should be thick and smooth but still able to be spread on the current

collector. Usually slurries were left under stirring for 24 hours to ensure they were well

mixed.

The slurries are ‘doctor-bladed’ onto the current collector at the desired thickness. For

most materials, the mass loading was 11 mg cm-2. After the current collectors were

coated, they were placed in a vacuum oven (DZF-6020) and dried at 120 oC for 12 hours

to remove the solvent and form the film. If the film was too thick, it had a tendency to

flake off.

2.5 Electrolyte preparation

Microemulsions can be prepared from a ternary phase diagram as seen in Figure 1.15.

If a phase diagram exists for a given system, it can be used to find a composition of

interest. This is shown in Figure 2.6. After a point is chosen, three lines are drawn from

the chosen point to each of the edges. These lines are drawn parallel to the side opposite

the 100% point for that particular component. For example, a solution in the bottom

right corner (marked C) would be 100% component C.

Figure 2.6 shows an example of this calculation. With the point in green selected, to

figure out how much of component C is in the composiiton, a line is drawn parallel to

the side marked ‘mol% A’ until it intersects the side marked ‘mol % C’. This results in
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the red line shown. Where the drawn line intersects the edge gives the mol% of C in

the desired composition, in this case, approximately 28%. This is repeated for the other

components until all three are known.

Figure 2.6: An example of a ternary phase diagram being used to find the composition
of a point of interest (in green).

This method works well if there is a well established phase diagram for a particular

system. If a phase diagram is not already known for a system, but a similar one is

known, it can be used as a starting point. For example, an SDS-butanol-toluene-water

ME system was well known within the lab group. Since toluene and cyclohexane are

similar in their hydrophobicity, a 1:1 swap was attempted where toluene was replaced

with an equal mass of cyclohexane. This ME stabilised immediately indicating the phase

diagram is suitably similar for the two systems. If no similar systems can be found, or

additions are being made to a known system (i.e. salts) then it is best to use a titration

method. In this method, an initial composition is chosen, then more of one component

is added until a stable mixture is achieved. A stable ME is noticed by the solution

becoming clear.

Many small scale samples (approx. 10 ml) can be prepared in parallel. Different amounts

of the extra component can then be added to separate samples to speed this process

up. The stabilisation process is often not fast and so to avoid false negatives, it is

often pertinent to leave samples overnight. If possible, samples should be placed in an

ultrasonic bath as this can speed up the stabilisation process.
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The two main microemulsion ‘bases’ used in this research were;

• 84 wt% distilled water, 4 wt% sodium dodecyl sulfate (SDS) (99.9% TCI), 9 wt%

n-butanol (>99.5% Aldrich) and 3 wt% cyclohexane (99.9%, Fisher scientific)

• 72 wt% distilled water, 1.33 wt% cyclohexane (99.9%, Fisher scientific) and 26.7

wt% Triton X-100 (Sigma).

The SDS based emulsion was taken directly from literature[95] whereas a phase diagram

was constructed for the Triton system (Figure 2.7) with the one above being chosen.

Figure 2.7: A ternary phase diagram that was constructed based on trials of various
ratios of Triton X-100, water and toluene, as stated previously since toluene and cy-
clohexane have similar hydrophobicites it is possible to swap out one for the other in
a phase diagram without altering the results drastically. Red dots indicate the forma-
tion of a turbid single phase, blue dots represent compositions that phase separated,
black dots represent compositions that formed gels and green dots are compositions

that formed a clear single phase.

A Triton X-100 based composition with higher oil content was also tested (65.45 wt%

water, 24.18 wt% Triton X-100 and 10.3 wt% cyclohexane). According to tests detailed

in Chapter 5 the behaviour of the two compositions was identical and so the lower oil

content ME was favoured to reduce the environmental impact of the research.

Once a stable composition was discovered, samples were usually prepared on a 100 g

scale. Additions of the required salts for the ion batteries were made at this point,

LiCl (TCI), NaCl (Fisher scientific), KCl (Fisher scientific), CaCl2 (Sigma Aldrich),
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MgCl2 (Sigma aldrich), were all weighed out separately and added to the stablised ME

as required to bring it to the desired molality. The salts were added after the ME had

already stabilised as the MEs generally re-stabilised much more quickly after addition

of salt if they had already formed.

By definition, MEs are thermodynamically stable and so theoretically should never sep-

arate. Samples of the SDS base that are over two years old and samples of the Triton

emulsion that are over one year old were still stable, with no visible signs of cloudiness

or separation.

Many other ME compositions are known within the group and could be used in the

continuation of this research, refer to Appendix A for details.

2.6 Cell assembly

For details on the choice of materials for the cells and the reasons behind the chosen form

factor refer to Chapter 3. To assemble both the supercapacitors and ion batteries, the

first electrode was placed inside the cell and glass microfiber (Grade GF/D, Whatman)

placed on top to act as a separator. Approximately 70 µL of the electrolyte were used to

wet the separator. The final electrode was placed on top with the active material facing

into the cell. The current collectors were pressed together to ensure good contact between

the components. The cell caps were screwed on to hand tightness. All cell assembly for

the ME containing cells was done on a bench top under ambient conditions.

2.7 Electrochemical Analysis

Cyclic voltammetry (CV) experiments on full cells were run using a potentiostat (eDAQ

EA 160, ecorder-401). CV experiments on full supercapacitor and ion battery cells were

carried out using the anode as the reference and counter electrodes and the cathode as

the working electrode. No degassing was performed prior to electrolytes being loaded

into the cells.

Degassing can be achieved in multiple ways, with freeze-pump-thaw, sonication and

bubbling nitrogen or argon gas through the solution being the most popular methods.
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Figure 2.8: Left: A schematic of the cell Swagelok cell form factor with all parts
labelled. Right - Top a fully assembled cell, Bottom a cell that has been disassembled

with parts labelled.

Most liquids will have varying degrees of dissolved oxygen in them. This dissolved oxy-

gen can interfere with with electrochemcial measurements due to the high reactivity of

oxygen. For most electrochemical measurements, aqueous or non-aqueous, it is common

to perform some sort of degassing step to remove any unwanted impurities leading to

side reactions.

This is a problem for microemulsions however, especially the ones used in this study.

Both Triton X-100 and SDS are detergents. SDS in particular is used in many cleaning

products (often under the name sodium lauryl sulfate). Both of these have a tendency

to form bubbles in solution when gas is blown through them. As such this is an inef-

fective method for degassing and can lead to large loss of sample which may alter the

composition of the ME. Sonication and freeze-pump-thaw are more viable, however the

problem with MEs is that they are multiple component systems. The different compo-

nents of the ME will have different volatilities and so will evaporate at different rates.

The ME could also break at lower temperatures as the thermodynamics change to dis-

favour the formation of the ME as per Equation 1.6. Determining the rate at which

this evaporation occurs and if any change in compositing occurs over a period of time

is difficult. Both other methods were also avoided as it was deemed that keeping the

system sealed to retain the composition was more important than any oxygen artefacts

in the electrochemical measurements.
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One other alternative involves degassing the individual components separately. However,

measuring the components out and mixing them together afterwards will cause a certain

amount of agitation which could reoxygenate them. Assembly inside a glovebox is also

not an option considering the major component of the ME is water. In future, more

detailed analysis on the degassing and its effect on the cells will be undertaken as it

likely does have some effect on the long term cell performance.

Galvanostatic charge discharge experiments were performed using a battery analyser

system (NEWARE BTS CT-4008-5V10mA-164, MTI Corp.). EIS experiments were

done on a Palmsens 3 potentiostat using the PSTrace software.

2.8 Battery analyser protocols

After a cell has been assembled for GCDC experiments it must be connected to the

battery analyser. This is shown in Figure 2.9. The anode is connected to the negative

wire (black in image) and the cathode is connected to the positive wire (red in image).

Then a testing protocol is entered into the analyser, which can perform a variety of

experiments with varying levels of complexity. In the most simple cases, a current rate,

upper and lower voltage cutoff and number of cycles is set. The following sections will

detail how each of these parameters is chosen.

2.8.1 Current rate

To compare batteries and supercapacitors to those in the literature, it is important

to use similar testing regimes. For example, slower charging rates generally produce

higher capacities which lead to more ‘publishable’ results. However, slow charging and

discharging is not really reflective of a real world scenario. For example, supercapac-

itors are attractive because they are capable of being charged and discharged quickly.

Therefore reporting performance at low charging rates will misrepresent the technology.

2.8.1.1 Ion batteries

For established battery technologies the ‘C’ terminology is used. A cell being discharged

at 1 C will be discharged in one hour. At 2 C, the cell would be discharged in 30
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Figure 2.9: A cell connected to the battery analyser with the black clip connected to
the anode and the red clip connected to the cathode.

minutes, at C/2 it would take 2 hours to charge or discharge the cell. This only works

if the capacity of the cell is known and well characterised such as modern lithium ion

batteries or lead acid batteries. For new chemistries, the two most common current rates

for new systems are 50 and 100 mA g-1. These strike a balance between being realistic

but also showing relatively high capacities. Charging much slower than this causes the

current demand to be very low at all times e.g. a cell with 1 mg of active material being

charged at 1 mA g-1 would require 1 microamp of current. This is not an undetectable

amount of current by any means, but it can introduce artefacts into the curves such as

those shown in Figure 2.10.

The current rate can also be increased to investigate the power density of the battery.

A battery that retains its capacity at high current rates is deemed to have good rate

capability even at a figure such as 10 C [96]. This is particularly relevant for applications

where fast charging is desireable such as electric vehicles.

2.8.1.2 Supercapacitors

For supercapacitors, it is suggested that a current rate of at least 500 mA g-1 be used [25]

as this is sufficient to not artificially over-inflate the capacitance values calculated but low
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Figure 2.10: An example of a sodium ion battery that was charged at a rate of 1
mA g-1. The cell was charging: however, due to the low current rate small and regular

fluctuations in the voltage are observed.

enough that any supercapacitor should be able to behave in an expected manner. The

upper limit of the current rates that can be used for supercapacitors varies depending

on the chemistry and materials. 2 A g-1 is commonly seen, though highly optimised

devices such as those involving graphene can reach 10 A g-1 or higher [97].

Supercapacitors also have a more well defined way to calculate the maximum power

density. The internal resistance of the cell, also known as the equivalent series resistance

(or ESR) is calculated by the following formula.

R =
VIR−drop

i
(2.2)

Where the IR drop is determined as shown in Figure 2.2. This can then be used to

calculate the maximum power that can be extracted from the supercapacitor.

Pmax =
V 2

4R
(2.3)

V is the voltage of the cell after taking into account the IR drop. R is the ESR as

calculated in Equation 2.2. While this represents a theoretical maximum it is still

pertinent to cycle supercapacitors at high current rates in order to establish their true

rate capability, which may be a lot less than the number calculated.
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2.8.2 Voltage cut offs

As explained in Section 2.1, an upper and lower voltage cutoff must be established for

cycling tests. This can be done by taking a CV to establish the upper and lower limits of

the stability of the cell which then can be set as the cut-off. For lab cells, the lower limit

is generally taken as 0 V (or -0.01 V due to the programming of the battery analyser)

unless there are other unwanted side reactions at low potential. Cut-offs can also be

adjusted sequentially to determine the upper stability limit of the cell.

2.8.3 Cycle life

The cycle life of both supercapacitors and ion batteries is established in literature by

cycling between the upper and lower cut-offs continuously. Commercial cells require

much more rigorous tests to determine life times such as accelerated ageing or float

tests. A general benchmark for when a cell is considered to have reached end of life is

when the capacity or capacitance reaches 80% of the original value. This metric is not

appropriate for lab scale cells as it may still be of interest to see how the capacity or

voltage profile of a cell changes until the cell shorts or reaches very low capacities.

2.9 X-ray diffraction

X-ray diffraction (XRD) studies are commonplace in battery research as it is important

to understand how the electrode materials change structurally as this gives insights into

the mechanism which in turn can help optimisation of the materials. XRD studies are

not usually done on supercapacitor electrodes as no structural change occurs during

operation.

The pinnacle of this technique for battery research is operando, in situ XRD which

takes scans as the battery is being charged or discharged (in operation) and shows how

the materials are changing. This technique is still highly specialised and not widely

available.

As a substitute, ex situ XRD studies can reveal changes but getting samples at various

states of charge is difficult. Ex situ XRD is also difficult for non-aqueous systems as
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these are often air and moisture sensitive so disassembling the cell to investigate its

electrodes can cause degradation of the sample. Thankfully, aqueous systems do not

suffer from this issue and samples will be more stable in the air once the cell has been

taken apart.

XRD studies in this research were done on electrodes that were pristine (i.e. not having

been in a battery yet), in a charged, and discharged state. Both charged and discharged

samples were collected from cells that had run for 100 cycles. Discharged cells were

discharged to 0 V before disconnecting the cell and taking it apart. Charged cells were

charged to 2.4 V before disconnection and disassembly. Both charged and discharged

electrodes were washed with water to remove any electrolyte as some of the salt may

have crystalised out which would show up on the XRD scans. This also removed any of

the glass microfiber separator that may have been left behind on the electrodes. This

was important to remove as it would show up as a broad amorphous peak in the XRD

which may obscure important reflections. Once cleaned and dried, samples were stuck

onto a glass slide, active material facing upwards, using double sided tape.

XRD measurements were done on prepared electrodes using done using PANalytical

X’Pert operated at 40 kV and 40 mA using Cu Kα radiation, from 10-80o 2θ over a

period of 10 hours.

2.10 Scanning electron microscopy

Scanning electron microscopy (SEM) can be used to study the surface of electrodes. This

is another ex situ technique that might not be well suited to non-aqueous systems. While

XRD experiments reveal much more information about large scale structural changes in

the electrode itself, SEM images can show changes in the surface of the electrode which

may be important for establishing the formation of an SEI layer.

As all electrodes were conductive, they did not need to be coated before being imaged.

Samples were imaged on a JEOL 6500F FE-SEM. Samples were mounted on aluminium

stubs using carbon tape.
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Current Collector Development

3.1 Introduction

Realising the potential of using microemulsions in electrochemical applications, the at-

tention turned focus of this project is in fully assembled supercapacitors and ion bat-

teries. Before this could be achieved, changes to the traditional lab cell design were

needed. In particular the current collectors, which the anode and cathode sit on and

also provide the points of connection from the cell to the potentiostat and or battery

analyser (see Figure 2.8), needed to be redesigned from the ground up. This chapter will

detail the model that has been hypothesised by our lab as to why MEs show extended

electrochemical windows and how that informed the development of appropriate current

collectors for use in full cells.

3.2 Model for the extended electrochemical window

Following the first observation of the extended electrochemical window by our group,

a hypothesis needed to be developed to explain this phenomenon. Several hypothesis

already existed in literature such as the one presented by Kunitake et al. as shown in

Figure 1.16. Based on various pieces of evidence, this model was modified to better fit

those observations.

Firstly, the water splitting reactions happen at the electrode surface and the potetnial

they are observed at is also in part determined by said surface. Given the results shown

53
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in Figure 1.18 which use the same electrode surface just a different electrolyte, the

microemulsion must be altering the surface of the electrode such that the potentials of

these reactions are shifted. While the exact products of these reactions occurring at the

potential limits are unknown, gas evolution at the working electrode is observed at these

potentials.

If it is to be assumed that these reactions at the edge of the window are water splitting,

then these shift in potential can be investigated using the Nernst equation, Equation

3.1. Where R is the gas constant, T is the temperature, z is the number of electrons

transferred in the reaction, F is Faraday’s constant and Q is the reaction quotient.

E = E0 − RT

zF
lnQ (3.1)

Such a large shift in the observed potential window ( 3 V) would imply a very large value

for the reaction quotient. This in turn implies the activity of water at the electrode

surface is reduced dramatically to be close to zero. If the reactions observed at the

stability limits are not the result of water splitting, then the argument remains the same,

the activity of water at the electrode surface must be so low that other components of

the electrolyte are breaking down before the water is.

In practical terms, this implies that little to no water is reaching the electrode surface.

This in turn implies that one or more components of the ME must be forming some

form of blocking layer that is preventing water from reaching the electrode. When an

electrode is placed into solution something in the solvent must be sitting on the surface

of the electrode. In an aqueous solution only water can fill this role. However, in the ME,

there are several options as to what could sit on the surface and depending on the nature

of the electrode one of the components may be preferred over the other. Glassy carbon

is a hydrophobic surface and so it would be reasonable to assume that the hydrophobic

components of the ME (both the hydrophobic part of the surfactant and the oil) would

preferentially adhere to that surface in solution.

How these surfactant molecules would arrange themselves on the surface is unclear. A

reasonable first approximation would be that the surfactant molecules arrange them-

selves in a monolayer on the surface. A schematic representation of the proposed elec-

trode electrolyte interphase (EEI) is shown in Figure 3.1.
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Figure 3.1: The EEI model we propose. The hydrophobic surfactant tail adheres to
the hydrophobic electrode. The oil dominates in this layer, then there is a water rich
layer around the polar head group before reaching the bulk solution. Here the bulk is

shown as being an o/w ME but in theory any type of ME could be present.

The oil phase is still present in this monolayer whereas water is confined to a water rich

layer near the polar head group. Then the bulk solution which contains oil droplets

exists further out. It is assumed that the co-surfactant is interspersed throughout the

EEI, either existing with the polar head-group in the water rich layer or existing fully

in the oil rich layer or some combination thereof.

This model would explain why the extended electrochemical window is observed. Much

like the artificial SEIs discussed in Section 1.8.1, by preventing water from reaching the

electrode the water cannot be oxidised or reduced and so water splitting is not observed.

Figure 3.1 is simply one moment in time, how dynamic this EEI is, is uncertain. Often,

monolayers are made such that there is a covalent bond between the surface and the

molecule e.g. dodecanethiol on a gold surface. This system lacks that covalent bond,

relying solely on hydrophobic interactions (e.g. dispersion forces) to maintain contact.

Thus it is likely that this EEI is much more dynamic that classic monolayers in literature.

This may be advantageous as it my result in a self-healing property but could also be a

downside as it may not be as resistant to changes in chemical or electrical environment.
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Of course, it is possible that the surfactant molecules are not arranged in a monolayer and

the true structure is almsot certianly much more complex. Fundamental investigations

into the EEI are still ongoing, using techniques such as EIS and atomic force microscopy

as well as modelling, it is hoped a better understanding can be obtained. The focus of

this work was to improve the IP around of this discovery in terms of constructing devices

to show application. The iteration of the EEI hypothesis presented here was sufficient

to inform the experiments conducted however it is acknowledged that this is likely an

incomplete model. One piece of evidence in literature does exist that supports this

hypothesis was done byt Peng et al. [90] with their neutron diffraction studies (Figure

1.17).

This extended electrochemical window, is the key argument for using microemulsions

in energy storage devices. The biggest insight that this EEI model gives into how the

ME works is that it all hinges on a suitably hydrophobic electrode surface such that the

EEI can form. This is not an issue in standard three electrode electrochemical cells as

there are plenty of electrode materials available to use, glassy carbon being the most

common. However, when it comes to making a proper full device in a lab scale form

factor such as a Swagelok-type cell or a coin cell, the challenge becomes apparent. The

current collectors used in both of these cell types are exclusively metallic. Since metallic

surfaces are generally more hydrophilic than hydrophobic, the EEI will not be able to

form and the electrochemical window will not be extended.

Therefore, this was the first major hurdle to overcome during this research. How to build

a device in an acceptable form factor with the constraint of not having any exposed metal

inside the cell.

3.3 Swagelok-type cells and Coin cells

On a lab scale the two most common form factors for testing full cells are Swagelok-type

cells or coin cells (sometimes known as button cells). Both of these form factors are

suitable for ion batteries and supercapacitors and so neither can be discounted on this

alone.

Coin cells are made by layering one electrode and the separator then adding the elec-

trolyte and topping with the other electrode. This is then pressed and crimped together
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into a sealed cell. They are useful because they are compact, well sealed (so that they

can be taken out of a glove-box for testing for example), and quick to produce. However

they have limitations in that the casings which act as the current collectors, are only

commercially available in a small number of materials, primarily steel. This makes this

format inappropriate for the ME chemistry as the EEI would not be able to form.

Figure 3.2: A schematic of a coin cell showing all of the components, and a fully
assembled and crimped cell.

Therefore a Swagelok-type cell was the most appropriate form factor to develop. Swagelok-

type cells comprise a tubular casing as seen in Figure 2.8 and 3.3. As with coin cells,

electrodes, separators and electrolyte are layered inside. Then, this stack is compressed

by two plungers which act as current collectors. These current collectors can be clipped

to an electrochemical workstation to perform tests as seen in Figure 2.9. These are a

lot bulkier than coin cells, however they can be made out of a wide variety of materials

some of which are well suited to the ME chemistry.

While the casing is easily constructed out of some inert plastic such as polyether ether

ketone (PEEK), the current collectors that sandwich the cell together present an is-

sue. Traditionally these are made out of a metal such as steel as it is easy to shape

and cheap. As already established, the ME chemistry does not work on these metallic

current collectors. This is shown in the chronopotentiogram in Figure 3.4. This cell

has no active electrode material and an ME electrolyte containing SDS, cyclohexane,

n-butanol, water and 1 mol kg-1 (m) NaCl. This cell is barely able to reach 1 V and

shows evidence of irreversible side reaction due to the roughness and irregularity of the

charging curve. Because the cell is not able to reach even 1.23 V (the minimum potential

for water splitting) the reaction that is occurring is probably corrosion of the steel due
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Figure 3.3: A schematic of a Swagelok-type cell showing all of the components and
how they fit together.

to the chloride ions in the electrolyte. Evidence of corrosion was seen on the current

collectors in the form of reddish discolouration after the experiment was over and the

cell deconstructed.

This combined with the results in Figure 3.5, confirmed the hypothesis that metallic

current collectors are not compatible with ME electrolytes and so alternate current

collectors needed to be developed that could allow MEs to achieve their full potential.

The following tests in this chapter are all done using cells assembled with no active ma-

terial present, i.e. the anode and cathode shown in Figure 3.3 are not used. Instead the

current collectors act as the anode and cathode. This is because the primary objective

in this phase of the research was to find a current collector capable of suppourting the

EEI and the extended electrochemical window that comes with it. Therefore only the

maximum voltage that is achieved by the cells is of interest in these tests.
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Figure 3.4: A cell constructed using a steel current collector. The steel begins to
corrode at around 0.7 V, which is below the 1.23 V potential for water splitting. this

shows the incompatibility of metal current collectors with the ME system

3.4 Coating Metallic current collectors

The first attempt to work around this issue was to coat the current collectors directly

with a conductive yet hydrophobic (i.e. carbonaceous) material. Two methods were

attempted for this. Firstly, carbon coating using a carbon coater usually reserved for

coating scanning electron microscopy (SEM) samples. Thicknesses of 5 nm and 15 nm

were applied. These thicknesses were chosen so as to limit any capacity contributions

from the coating but to still achieve the hydrophobic coating. In an ideal case, cur-

rent collectors are electrochemically inert and act purely as conductors. If the current

collector undergoes any redox reaction then it will contribute to the capacity of the

device which means incorrect conclusions may be drawn about the active material. It

should also not contribute meaningfully to coulombic reactions so the surface area should

generally be minimised to combat this.

This method was unsuccessful, producing similar results to those observed in Figure 3.4.

The coating could be increased; however it was noticed that the coating was not very
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robust and easily removed from the metal rod. This is because no chemical bonds at all

were being formed, carbon was simply being sprayed onto the surface. Any “weak spots”

in the coating would allow water to come into contact with the metal which allows for

the corrosion/water splitting to occur. While this method would have been a simple

solution, it was ultimately abandoned.

The next method employed was to make a coating that could be “painted” on the rods.

This could provide a robust coating that would prevent the electrolyte from coming in

to contact with the metal. The “paint” was made by mixing Super-P carbon (92 wt%)

(a conductive additive used in electrode slurries), and PVDF (8 wt%) with NMP as a

solvent, as described in Chapter 2.10). This slurry was coated on the surface of the

rod that would be exposed inside the cell and then placing it in a vacuum oven at 120

degrees Celsius for 12 hours.

This approach was tried on both steel and molybdenum rods. The steel rods showed

similar results to those in Figure 3.4. This indicates that the coating was somewhat

permeable to water and allowed the solvent to eventually reach the metal underneath.

On molybdenum, the corrosion effect of the chloride ions should not have been as pro-

nounced as on steel. The results of these tests (with no active material) are shown in

Figure 3.5.
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Figure 3.5: A cell constructed using Mo current collectors covered with a Super-P
binder slurry that had been dried. This device, with no active material between the
rods, is able to be charged to 1.4 V. Unlike steel it does not show the corrosion effects
below 1 V however it is still only able to barely exceed the 1.23 V thermodynamic limit

of water splitting

These cells were able to reach a voltage of 1.4 V which is above the 1.23 V limit. They

could be charged and discharged between these limits. However, evidence of solvent

splitting was observed at higher voltages. The coulombic efficiency of these cycles was

20% on average which means there were a lot of irreversible faradaic reactions occurring.

Not all of the 80% loss can be ascribed to water splitting since there will be some losses

due to the internal resistance (IR) of the cell.

As with the tests on steel, there was still evidence of this rod being in contact with the

electrolyte. While this was not surprising, it meant that another approach had to be

attempted to find an appropriate current collector.
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3.5 Graphite Rods

The next attempt was to use rods made of graphite. These are much more delicate than

the metal current collectors and much harder to make, which is why they were initially

avoided in favour of the coating approaches. Examples of the rods are shown in Figure

3.6.

Figure 3.6: The graphite current collectors (top) compared to a Mo current collector
(bottom). The graphite rods were manufactured to fit into the Swagelok-type cells that

were available. 11 mm diameter and 5 cm long

Tests with these graphite cells were promising. Cells assembled with no active material

were able to be charged to 2.6 V which is a large improvement over any previous results.

However, the charge capacity of the graphite on its own, as shown in Figure 3.7, was not

negligible. The corresponding discharge capacity was very low, with an IR drop of 2.4

V. This alone means that the current collectors had a very high resistance which makes

them unsuitable to act as current collectors. The reason for the high charge capacity

is probably due to the porous nature of the current collectors which means the surface

area of the electrodes is high which leads to high capacitance. The large resistance

of the current collectors is most likely due to the amporphous nature of these rods.

Crystalline graphite rods would have a much more uniform conductivity throughout the

whole structure. Tests with a multi-meter gave resistance values of approximately 17 Ω
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which is high compared to metal rods. This number may not be representative of the

electrode when it is used in combination with an electrolyte.

Figure 3.7: A charging curve for a supercapacitor using graphite rods as current
collectors. The cell could be charged to 2.6 V, which showed that these electrodes were

sufficiently hydrophobic to extend the electrochemcial window.

However, after only a few cycles, the cell stopped working. The nature of the failure

(as shown in Figure 3.8) indicated a loss of electrical contact rather than a short cir-

cuit. Post-mortem analysis of the cell revealed the cell to be completely dry on the

interior with white power covering the current collectors and separators. The powder

was assumed to be a mixture of SDS and NaCl left behind as the solvent evaporated. It

was determined that the porosity of the graphite rods was such that the electrolyte was

being transported through the rods by capillary forces before evaporating out the other

side of the rods. To counter this, the cells were pre-soaked with the electrolyte by fully

immersing them in electrolyte overnight. The cells were wrapped in parafilm as much

as possible to prevent evaporation. While this did extend the time the cells were active

slightly, the cells eventually ceased function in a similar manner as before. As a result,

these graphite rods were also abandoned as current collectors.
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Figure 3.8: GCDC curves of a cell using graphite current collectors once it shorted.
The very short cycles (1-2 seconds) and the irregular fluctuations in the voltage indicate

a loss of contact between the two electrodes.

3.6 Glassy carbon current collectors

An alternative hydrophobic and conductive material other than graphite is glassy carbon.

This is the material that was used in the initial tests of the extended electrochemical

window so it was known that the EEI would form on the surface of this material. It had

been avoided up until this point because of the prohibitive cost of a glassy carbon rod

with dimensions similar to those shown in Figure 3.6.

A design was developed in conjunction with the VUW workshop that would allow for

a much smaller piece of glassy carbon to be used. As only the face exposed inside the

cell matters, it would be much more economical to use a much shorter stub of glassy

carbon and build the rest of the current collector around it. The initial design is shown

schematically in Figure 3.9
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Figure 3.9: A schematic of the first design of the glassy carbon current collector. The
metal chosen was brass. This version was able to be disassembled.

The glassy carbon stub is held in a pincer-like fashion by a brass rod. This is to keep

a good electrical contact between the glassy carbon and the metal. There is an O-ring

around the base of the stub to seal the interior from contact with the electrolyte. If

any electrolyte were to leak through and make contact with the brass then the extended

window effect would not be observed.

Initial tests with these current collectors were promising. Three electrode CV tests on

0.1 M aqueous potassium ferricyanide (99.9% Sigma) which used these current collectors

as working electrodes showed a peak separation of approximately 70 mV. This shows

that the surface of the glassy carbon was relatively active and well polished (Figure

3.10).
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Figure 3.10: A 3 electrode cyclic voltammogram of 0.1 M ferricycanide in aqueous
solution to test the activity of the electrode. The reference used was Ag/AgCl in

saturated KCl.

GCDC tests of cells with no active material were successful and voltages of 3.4 V were

obtained with an SDS based ME. There is evidence of some side reactions happening

above 3 V, which could be the upper limit of the ME stability window or the oxidation

of the glassy carbon surface. Regardless, a 3 V stability window of the MEs in these cells

is a vast improvement over any previous attempt. When the tests were repeated with

an aqueous electrolyte, the cells could reach approximately 1.9 V. This too, represents

an extended window compared to the metallic current collector tested earlier. This is

not unexpected as glassy carbon is not very active for the water splitting reactions.

However, the aqueous window has not been widened to the extent shown by the ME in

Figure 3.11, which indicates the formation of the EEI.
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Figure 3.11: Full Swagelok type cell constructed with two glassy carbon current
collectors. For aqueous electrolytes only voltages of 1.9 V were achieved before water
splitting was observed. A max cell voltage of 3.4 V was achieved with SDS based MEs.

However, some cells failed in a manner reminiscent of Figure 3.5 where some “infinite

charging” behaviour was observed at relatively low potentials. Upon disassembly of the

current collector to investigate, corrosion, was observed on the brass connector (Figure

3.12).

Figure 3.12: Corrosion on one of the brass connectors from a failed cell. This is
assumed to be from a bad seal around the O-ring allowing electrolyte to leak into the

chamber and react with the brass.

From this, is was evident that the seal around the glassy carbon stub made by the O-ring
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on this particular rod was not complete which allowed electrolyte to leak inside the body

of the electrode and react with the metal surface. This was only observed on one out of

six current collectors made but does highlight the importance of the having no metallic

surfaces in electrochemical contact with the electrolyte.

3.7 Conclusion

In conclusion, in order for microemulsions to be used as high voltage aqueous solvents, a

hydrophobic surface is necessary. Therefore the development of a suitable current collec-

tor is vital when it comes to constructing full cells. Over the course of this work, many

different options were tried. Finally, glassy carbon current collectors were constructed

that worked as desired but also kept costs relatively low.

These electrodes, while fit for purpose, are not suitable for scale up as the cost is ex-

ceedingly high, each stub costing around 100 NZD. If microemulsions are to be com-

mercialised the development/discovery of a suitable current collector is going to be one

of the main hurdles that needs to be overcome. Investigations are currently underway

with suitably passivated, yet still conductive metal surfaces or free standing carbon

felts/fibers potential candidates.



Chapter 4

Supercapacitors

4.1 Introduction

After the development of a current collector that was compatible with ME electrolytes,

attention turned to applications that exploited their extended electrochemical window

to the fullest. As detailed in Chapter 1, both aqueous supercapacitors and ion batteries

have had limited commercial success due to their inherently low voltage. With their

extended electrochemical windows, MEs are able to overcome this low voltage limitation.

This chapter will detail the development of a supercapacitor using ME electrolytes and

the use of electrochemical methods to characterise their performance compared to stan-

dard non-aqueous electrolytes.

4.2 Cell assembly

First, an appropriate electrode material must be selected. Of those available the most

widely used is activated carbon. This is advantageous for the microemulsions as this

surface is mostly hydrophobic, which means the EEI can be formed. Slurries of an off-

the-shelf activated carbon (Commodities NZ) derived from coconut husks (the industry

standard) were made according to the procedure outlined in Chapter 2.10.

Active material slurries are usually pasted onto a metal foil, which acts as a platform

for the material and allows for post mortem analysis of the cell as these discs can be

69
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easily removed (see Figure 3.3). These foils also act as a secondary current collector.

As was outlined in Chapter 3 this is not viable for the ME electrolytes. This problem

is more straightforward to solve compared to the issues detailed in Chapter 3. It is

possible to purchase carbon foils which are usually highly oriented pyrolytic graphite

(HOPG). These do not have a large surface area that can contribute meaningfully to

the capacitance but are conductive and easy to work with. Such a foil was used as the

backing for all coatings.

Cells were assembled and tested with techniques outlined in Chapter 2.10. For each cell,

the mass loading of each electrode was kept equal. However, different mass loadings

should be examined in future work (see Section 1.8.3). All cells were assembled on a

bench top under ambient conditions with no degassing of the solutions prior to assembly.

4.3 Electrochemical tests

4.3.1 Cyclic voltammetry

Cyclic voltammetry was performed first to evaluate the potential window of the assem-

bled supercapacitors. Results from CV experiments are displayed in Figure 4.1

Figure 4.1: Cyclic voltammetry of supercapacitors using a two electrode set-up. A)
Sequential increasing of the upper voltage cutoff in 0.2 V increments from 2 V-3 V at
100 mVs-1 including 2.7 V. B) Cyclic voltammograms at various scan speeds using 2.7
V as the cutoff. All show deviation from the ideal square wave shape due to the internal

resistance of the cell.

An ideal supercapacitor would show a square wave shape in the CV rather than the

lenticular shapes seen in Figure 4.1. This deviation from the ideal is due to the internal

resistance of the cell. While there is some resistance expected from the solution, there is
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also most likely a non-negligible contribution from the current collectors. In a Swagelok-

type cell these would usually be solid metal rods with very low resistivity. Glassy carbon

however, has a much higher resistivity than steel and so the resistance from the current

collectors was quite large comparatively.

The EEI was another source of resistance. The contribution of the EEI was much harder

to quantify. The flow of charge in the oil-rich layer will be impeded significantly, which

will also increase the internal resistance of the cell as well as extend the electrochemical

window.

By sequentially raising the upper voltage limit in these scans, it is possible to deter-

mine the maximum voltage of the cell. The large increase in current density when the

upper cut off is changed to 2.8 V in Figure 4.1 A was evidence of electrolyte/electrode

break down. From these measurements it was shown that the maximum voltage was

somewhere between 2.7 and 2.8 V. Commercial supercapacitors that use activated car-

bon electrodes almost always have a voltage of 2.7 V even though the window of the

acetonitrile electrolyte is much wider than that. Above this voltage, it is the activated

carbon that breaks down rather than the electrolyte. In particular, it is the oxygen

containing functional groups such as carboxylic acids and ketones, left over by the ac-

tivation process that break down [98]. Extensive purification of the carbon, or deriving

the carbon from another source, e.g. metal carbides instead of coconut husks, can lead

to a higher maximum voltage such as 2.8 V or 3 V, being achieved as these impurities

are eliminated.

This experiment shows that the microemulsion stability is similar to acetonitrile when

applied to supercapacitors using activated carbon. This overcomes one of the biggest

hurdles for the application of aqueous electrolytes in energy storage devices.

The capacitance of the device can be evaluated from CVs using the following method.

Cs =
Q

mV
(4.1)

Where Cs is the specific capacitance, Q is the charge stored on the plates in Coulombs,

V is the potential difference between the two plates in Volts and m is the mass of the

electrode material in grams.
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Given that:

Q = I × t (4.2)

By substituting Equation 4.2 into Equation 4.1 it can be shown that:

Cs =
(I × t)
mV

(4.3)

If the numerator and denominator of Equation 4.3 are divided by t, the following ex-

pression is obtained.

Cs =
I

m(Vt )
(4.4)

The V/t term in Equation 4.4 is the scan rate of the CV experiment which is represented

by ν. Hence the following expression is obtained:

Cs =
I

mν
(4.5)

In a cyclic voltammogram, the current is a function of the voltage which can be written

in integral form as

∫ V2

V1

I(V ) dV = Q (4.6)

By substituting Equation 4.5 into Equation 4.6 the following is obtained

∫ V2

V1

(Cs ×m× ν) dV = Q (4.7)

It is also true that Equation 4.6 is an expression for the area under the CV curve.

Therefore it can be shown that:

∫ V2

V1

(Cs ×m× ν) dV = Area (4.8)



Chapter 4 Supercapacitors 73

Since CS, m and ν are all constant, the integral can be evaluated as

(V2 − V1)× Cs ×m× ν = Area (4.9)

for the positive scan (which nominally goes from the low V1 to the higher V2), or

(V1 − V2)× Cs ×m× ν = Area (4.10)

for the negative scan where the potential is swept from V2 to V1.

The area of interest is the area inside the CV curve. To calculate this Equation 4.10 can

be subtracted from 4.9

Area = (V2 − V1)× Cs ×m× ν − (V1 − V2)× Cs ×m× ν (4.11)

Area = 2[(V2 − V1)× Cs ×m× ν] (4.12)

Area

2[(V2 − V1)×m× ν]
= Cs (4.13)

Using this method, the capacitance of the cell shown in Figure 4.1 was calculated to be

42 Fg-1 at 100 mVs-1 and 20 Fg-1 at 2000 mVs-1 when cycled between 0 V and 2.7 V.

For an ideal capacitor, the capacitance is expected to be independent of the scan rate,

however capacitance of a real device is expected to decrease with scan rate. Firstly, as

the scan rate increases, the diffusion processes that govern supercapacitors have much

less time to occur, the ions have less time to fit into the pores efficiently. This would

result in a decrease in the observed capacitance. Also at higher scan rates, the IR

drop within the cell is more pronounced, as observed by the “twisting” of the CVs

as faster scans are performed (see Figure 4.1). This internal resistance also reduces

the observed capacitance as the ∆V in Equation 4.10 (V1-V2), which represents the

potential difference across the plates, will not remain consistent in regards to the initial

and final voltages as some of that voltage will be lost due to the internal cell resistance.
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This method for determining capacitance assumes that all the current over the scan

leads to charge that is stored coulombically, not faradaically. Looking at the CVs in

Figure 4.1 this assumption appears to be valid to a first approximation as there were

no clearly well defined peaks, which indicate redox reactions. However, there was the

possibility that there were some pseudocapacitive reactions with surface impurities in

the activated carbon that did not have a well defined potential. This would have lead

to difficult to notice broad peaks.

4.3.1.1 Pseudocapacitance

As outlined in Sections 1.5 and 1.4, the major difference between batteries and super-

capacitors is that batteries store charge through faradaic processes and capacitors store

charge through surface based coulombic processes. Pseudocapacitance is where the line

between the two becomes blurred. For a pseudocapacitive process there is an electron

transfer event, however, these faradaic processes occur only at the surface or very close

to it. As a result, pseudocapacitive processes are still very fast. The line between what

is a pseudocapacitive process and what is battery-like behaviour is not very clear and is

the subject of some debate [25].

Transition metal oxides such as ruthenium(IV) oxide or manganese (IV) oxide, are the

most investigated materials that have this property [99–101]. The reaction that takes

place most commonly is proton insertion near the surface. Organic materials with redox

active groups such as ketones or quinones are also popular for pseudocapacitors [102–

104]. As previously mentioned, commercial activated carbon has some level of oxygen

containing functional groups on the surface which can contribute to the capacity of the

device through pseudocapacitance.

Pseudocapacitance can be seen in the form of a peak in a CV. Usually these are broad

and show very little peak separation which is not influenced by the scan rate. This is

because these reactions are very fast and reversible since they happen at the surface.

Unlike other faradaic reactions, the current from pseudocapacitance scales linearly with

the scan rate of the CV [25].
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4.3.1.2 faradaic vs. coulombic reactions

One way in which coulombic interactions can be distinguished from Faradic reactions

in a more rigorous manner than inspecting the shape of the CV curve is by analysis of

how the current changes with the scan rate. The total current at any point is given by:

Itotal = Ifaradaic + Icoulombic (4.14)

By taking Equation 4.2 and writing it in differential form:

Icoulombic =
dQ

dt
(4.15)

and substituting it into Equation 4.14

Itotal = Ifaradaic +
dQ

dt
(4.16)

If the scan rate is defined as:

ν =
dV

dt
(4.17)

It can be substituted into Equation 4.16

Itotal = Ifaradaic +
dQ

dV
× ν (4.18)

dQ/dV is defined as the capacitance as per Equation 1.1 (in differential form) which

leads to the relation

Itotal = Ifaradaic + Cν (4.19)

In an ideal supercapacitor C is constant with the scan rate. While this has already been

shown to be incorrect for this system (see Figure 4.1) what is shown in Equation 4.19
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is that the current from a purely coulombic process should vary linearly with the scan

rate.

The faradaic current is given by the Randles-S̆evc̆́ık equation

Ifaradaic = 0.4463nFAC(
nFνD

RT
)
1
2 (4.20)

It can be seen that for faradaic reactions the current varies proportionally with the

square root of the scan rate.

Therefore, for any current, there are two contributions, faradaic and coulombic, which

can be separated by recording CVs at different scan rates and plotting the results. The

two factors of this equation can be combined and written as

Itotal = aνb (4.21)

Where the a value incorporates all the other terms from Equations 4.19 and 4.20 and

the b value can vary from 0.5 (for a fully faradaic process) to 1 (for a fully coulombic

process). This method is exemplified by Wang et al., [105] who used it to determine the

relative contributions of these two currents for an anatase TiO2 film in a lithium ion

battery.

By plotting the log of the current vs. the log of the scan rate, a straight line graph is

obtained, of which the gradient is the b value from Equation 4.21. By repeating this

analysis at many potentials, a series of b values can be obtained for the whole scan.

However, this method is not appropriate for the devices investigated in this study.

Firstly, there is a large internal resistance in the cells. This means that at low po-

tentials (E.g. below 0.5V in Figure 4.1) the current actually decreases with scan rate.

This means that any b value obtained from this analysis would be negative for these

voltages.

Also, this method does not take into account pseudo-capacitance. Pseudo-capacitance

reactions are faradaic in nature, but do not follow the Randle-Sevcik equation because

they happen only at the surface of the electrode, as a result, pseudo-capacitance processes

also scale linearly with the scan rate [25]. This method is unable to distinguish between
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Scan b value

1V positive scan 0.36

1.5V positive scan 0.44

2V positive scan 0.48

1V negative scan 0.57

1.5V negative scan 0.64

2V negative scan 0.81

Table 4.1: b values calculated by taking the absolute current at the voltage shown at
various scan rates. The log of the currents was plotted against the log of the scan rate
to produce a straight line, the gradient of which is the b value as per Equation 4.21

pseudo-capacitance and capacitance. Pseudo-capacitance is most commonly observed in

metal oxide electrodes, it is only seen on activated carbon when there is a high degree

of functionalisation (in particular oxygen containing functional groups) as these groups

can undergo redox reactions. Given the ability of the capacitors to be charged to 2.7 V

it can be assumed that the degree of surface functionalisation is sufficiently low to keep

said surface hydrophobic enough for the EEI to form which would limit the capacity

arising from pseudocapacitance. However, further investigations would be required to

confirm this hypothesis.

Doing this analysis for 1 V, 1.5 V and 2 V on both the positive and negative scans

yielded b values summarised in Table 4.1. Note that for negative scans the absolute

current was used.

From these values it is clear that this analysis is not appropriate for the devices inves-

tigated. A b value of less that 0.5 should not be possible yet all of the positive scan

data shows this. For the negative scan data the values are all still very low which would

indicate that mostly faradaic processes occurred. This does not seem reasonable given

the shape of the CVs. It is possible that there was such heterogenaeity in the redox sites

that the peak that should appear when there is one defined redox potential such as that

seen in Figure 3.10 would be smoothed out and look a lot like capacitive contributions.

However, this is unlikely.

While there is almost certainly some pseudocapacitance present in the deivce due to

surface impurities, it was unlikely to be the dominant charge storage mechanism given

the results from the CV results. Galvanostatic experiments might be able to distinguish

any redox reactions that do occur. These will be discussed in a later section.
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4.3.2 Electrochemical impedance spectroscopy

In order to quantify the resistance of these cells electrochemical impedance spectroscopy

(EIS) was performed. This is a versatile technique that can be used to uncover some

processes that occur inside the cell. The results of these studies are summarised by the

Nyquist plot in Figure 4.2. Three cells were tested in total. One with a 0.1 M aqueous

NaCl electrolyte (blue triangles) one with the SDS based ME electrolyte that had been

freshly prepared (red circles) and one with the SDS based ME electrolyte that had been

cycled 10000 times (black squares) between 0 and 2.7 V at a rate of 500 mA g-1.

Figure 4.2: An EIS spectrum of 3 different supercapacitors, one with an 0.1 M NaCl
aqueous electrolyte (blue), One with the ME electrolyte (red) and one with an ME
electrolyte after it had been cycled 10,000 times (black). The applied voltage was 0
V with an amplitude of 5 mV over a frequency range of 0.1 to 10,000 Hz. Inset: a

magnified portion of the graph showing the X-intercepts.

Firstly, the X intercepts in Figure 4.2 are a rough estimate of the internal resistance

of the cell (see Figure 2.4). For the aqueous cell the resistance is much lower than the

ME cells but is still high at 20 Ω. The internal resistance of the cell did not increase

greatly upon cycling. This is important as an increase in internal resistance is a sign

of ageing in a supercapacitor. When the resistance increases the efficiency and power

density of the supercapacitor decreases, so having a cell that maintains its resistance
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over cycling is a sign that the ME/EEI is stable over this time and operating within

its stability limit. In this case it remains roughly constant at 25 Ω. The comparatively

large internal resistance explains the shape of the CVs observed in the previous section.

The other noticeable feature of these graphs is in the low frequency region (far right

of the graph) In this region the capacitance dominates. The slope of this part of the

graph is proportional to the capacitance. By comparing the two ME cells (before and

after cycling) it was found that the capacitance did decrease over cycling which was not

unexpected. Comparing both of these to the aqueous NaCl electrolyte, it was seen that

the aqueous electrolyte had a higher capacitance. This too was not unexpected given

the proposed EEI model.

Aqueous electrolytes are well known to have higher capacitance values for a given elec-

trode [106]. This arises from the definition of capacitance (Equation 1.1) Q=CV. The

more charge that can be stored on the surface of an electrode at a given potential, the

higher the capacitance value. Charge dependant capacity is a function of surface area

(as outlined in Figure 1.5) but is also a function of the size of the adsorbed ions. In

aqueous electrolytes the salts used are made up of comparatively small ions, NaCl, KCl,

H2SO4, HClO4. Therefore it is possible to fit a lot of them on to the surface of the

electrode which leads to a higher capacitance. In acetonitrile electrolytes however, the

salts used, e.g. tetrabutylammonium tetrafluoroborate, are much larger and so less ions

can be packed onto the surface.

How this translates in the case of ME electrolytes is uncertain. The EEI model explains

the extended electrochecmical window, however it does not allow for charged species to

be easily adsorbed onto, or interact with, the surface of the electrode.

As discussed in Section 4.3.1 Mei et al., [9], developed a model for a supercapacitor

that allowed for unambiguous interpretation of the Nyquist plot. This model was devel-

oped for a traditional supercapacitor. Therefore it would be inappropriate to draw any

concrete conclusions or numbers from the EIS scans presented in Figure 4.2.

In order to interpret the EIS fully, an appropriate equivalent circuit would have to be

devised and fit the data. However, in a complex system such as the ME with the EEI

model, this is difficult to do accurately. In a similar manner, simulations could be
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performed that could deepen the understanding of this system. This was beyond the

goals of the current project but is work that will be carried out in future studies.

4.3.3 Galvanostatic cycling

With an electrochemical window established, cycling tests were performed at various

charge rates and over a long period of time to test the stability of cells.

First, charge-discharge experiments were performed on solutions of both aqueous 0.1 M

NaCl and 4.9 wt% SDS to evaluate the effect that adding the active material had on

the electrochemical window of water and surfactant solutions.

The aqueous cell achieved similar results to those observed in Figure 3.11. It was never

able to achieve a voltage of 2 V and the irregularities in the charging curve indicated

that some solvent splitting or other side reaction was taking place.

The inset on the right hand side of Figure 4.3 is a zoomed in portion of the same curve

showing irregular charging behaviour indicative of solvent splitting reactions occurring

inside the cell. The cell was able to achieve a voltage of 2.4 V eventually and complete

a discharge cycle, however, due to the irregularities observed in the charging curve the

experiment was not continued. The IR drop was substantial at around 500 mV, which

was an order of magnitude greater than that observed for the SDS microemulsion cells,

which was around 50 mV.

The results of GCDC cycling of a supercapacitor with a ME electrolyte are shown in

Figure 4.4.

The main advantage of supercapacitors is that they can be operated at high rates without

much loss of capacity. Therefore, it is important to evaluate this rate capability, how

the capacitors perform at high charging and discharging currents. The capacitance was

calculated by using the following formula.

C =
I × t

∆V ×m
(4.22)

Where I is the discharging current used, t is the discharge time of a particular discharge

step, V is the difference in voltage between the beginning and end of the cycle (Here it is
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Figure 4.3: Galvanostatic charge-discharge curves for 0.1 M NaCl and 4.9 wt% SDS
solutions. The aqueous solution shows a window similar to that seen in Figure 3.11
with irregular behaviour around 1.9 V (indicated) which is evidence of solvent splitting.
The SDS solution is able to achieve a voltage of 2.4 V however, there was evidence of
solvent splitting around 2.3 V. For both cells the charging current used was 500 mA

g-1.

taken as the voltage after the IR drop has been taken into account and 0 V) and m is the

mass of the electrode material. This assumes that the discharge curve is linear, which

is accurate to a first approximation, especially for higher discharge rates. If there is any

non-linearity (due to pseudocapacitive effects) then this method could over-estimate or

underestimate the capacitance depending on the exact shape of the curve.
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Figure 4.4: A: Charge discharge curves for a supercapacitor assembled with an ME
electrolyte. B: Calculated capacities at various rates over 10 cycles for the same super-

capacitor.

In order to evaluate how appropriate this assumption was for calculating the capacitance,

the values obtained from the CV experiments in Section 4.3.1 could be compared to the

ones obtained here. Given that the capacitance changes with scan rate and discharging

current, it is hard to compare the results in a one to one manner. However the results

were in a similar range to what was observed from the CV results (20-40 Fg-1) which

shows the methods are somewhat consistent.

As expected, the capacitance of the cell decreased as the current rate was increased.

Ideally the percentage change in the capacitance should be small; however, here it is

quite large. This is likely due to the EEI influencing the rate at which the electrical

double layer can be formed. Through further optimisation of this interphase and the

electrode material this could be improved. For instance, changing the oil phase for a

solvent with a higher dielectric constant may allow for a stronger electric field to be

developed more quickly. A shorter chain surfactant could be utilised to create a thinner

EEI, this however may cause it to be less robust and not increase the electrochemical

window as much. Salt concentration could also be a factor in the rate capability as

a higher conductivity would result in the ions being able to move faster through the

solution.

Determining the exact capacitance values can be difficult due to the difficulty in as-

signing whether charge is stored in a coulombic or faradaic way. The calculated energy
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densities are more unambiguous, as this number takes into account both the capacitive

and pseudocapacitve contributions. The calculated figure of 41 Whkg-1 at 500 mA g-1

for the device shown in Figure 4.4 is difficult to compare to commercial cells since they

report energy density based on the mass of the cell as a whole where as these calculations

are based on the mass of just the electrode material. However, they are comparable to

some results available in the literature that also use activated carbon.

Finally, long term cycling data is desirable to see the stability of the system. In literature

it is most common to see continuous charge-discharge tests.

Figure 4.5: Long term cycling data for a supercapacitor with a microemulsion elec-
trolyte. 10,000 cycles were completed at a charge and discharge rate of 500 mA g-1.
This cell was able to maintain a capacitance value of around 40 Fg-1 over this time

period with a coulombic efficiency of close to 100%

Figure 4.5 shows the performance of one cell over 10,000 cycles of continuous charge and

discharge at 500 mA g-1 between 0 V and 2.7 V. Over this period, the cell was able to

maintain a capacitance of just under 40 Fg-1. The coulombic efficiency was also close to

100% which shows that not many faradaic, irreversible, side reactions were occurring.

The loss in efficiency was probably due to the high internal resistance of the cell.

A capacitance of 40 Fg-1 is quite low compared to a lot of supercapacitors in the liter-

ature. Activated carbon capacitors regularly reach close to 100 Fg-1 but can be much
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higher [107–110]. As discussed previously, there must be a match between the activated

carbon and the electrolyte. In particular, the pore sizes of the material must adequately

match the charge carrying species in the electrolyte. With a new electrolyte (and a new

electrode-electrolyte interphase) to contend with it is likely that modifications would

need to be made to the standard carbon materials available which have been optimised

for standard electrolytes. Showing that a moderately high capacity can be maintained

over the course of 10,000 cycles is a good stepping off point for ME electrolytes in

supercapacitors.1

The low capacitance values could just be inherent to the carbon used. While a coconut

derived carbon was used, as is the industry standard, there is still large variance between

different coconut derived carbons. In order to test the capacitance of the carbon under

more standard conditions, some cells with a quarternay ammonium based salt in ace-

tonitrile as the electrolyte were assembled. Acetonitrile cells were prepared in a nitrogen

filled glovebox. Prior to going into the glovebox the electrodes used in the acetonitrile

tests were heated 120o for a further 12 hours under vacuum to ensure they were fully

dried. The electrolyte used was 1 M tetrabutylammonium tetrafluoroborate (TBAB)

(99.5% Aldrich) in acetonitrile (anhydrous, Aldrich). The use of a glovebox for these

cells is important as it is known that water hinders the performance of acetonitrile based

cells significantly due to the tendency of water to turn into oxygen and hydrogen gasses

at the voltages of these supercapacitors.

The results of these studies are shown in Figure 4.6. The capacitance of these cells at

current rates of 250 and 500 mA g-1 was similar to what was observed in the ME elec-

trolytes in Figure 4.4. However, it is apparent that the rate capability of the acetonitrile

electrolytes was much better. At very high current rates of 2000 mA g-1 the capacitance

was still approximately 75% of what it was at 250 mA g-1. For the ME electrolyte

however, the capacitance dropped to under 40% of what it was at a slower rate. This

drop could occur for many reasons, but the root was likely in the EEI. The rate at which

charges can be transported across the layer (if they are at all) will be lower than in an

electrolyte without it due to the unfavourable interactions between the charges and the

non-polar phase.

1It is also often hard to compare specific capacitance values to the literature as the mass values are
often misrepresented. The mass values reported in this research are based on the mass of both the anode
and cathode combined as this is what it takes to make the whole device work. Research that calculates
these numbers based purely on one electrode, despite other calculations being based on the device as a
whole, over-represents the specific capacitance of the device.
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Attempts to find a stable ME composition that used TBAB as an additive in the SDS

ME base were unsuccessful. TBAB is soluble in water but when added to the SDS base,

the sample gradually destabilised even at low concentrations (0.01 m). In future studies,

finding an ME composition that is stable towards TBAB would allow further elucidation

of the mechanism behind the ME based supercapactiors.

Figure 4.6: Long term cycling data for a supercapacitor with an acetonitrile elec-
trolyte. It shows stable rate performance over the currents tested.

While continuous charge-discharge tests are the ones most often performed to establish

cycle life for supercapacitors in the literature, voltage hold or ‘float’ tests are much

more relevant for industrial applications. This is because a commercial supercapacitor

spends most of its life floating at the maximum voltage, either being disconnected from

the circuit meaning no charge is lost or ”trickle charged” to account for any losses over

time. Most commonly supercapacitors are only used when necessary, e.g. when a power

outage occurs. Therefore a supercapacitor has to be able to survive being held at a high

voltage for a long period of time.

This is exemplified by Weingarth et al. [111], who compared voltage hold tests to

continuous cycling tests for supercapacitors. The electrolyte used was an ionic liquid

on a carbon black electrode so the voltage achieved was much higher than traditional

market supercapacitors.

Figure 4.7 shows that during a cycling test, even if the upper voltage cut off is above the

stability limit of the electrolyte, only spend a short amount of time there. This means

that even though these tests may run for a long amount of time, they may not show the

whole story. In the bottom left of Figure 4.7 The results of cycling tests with a 3.5 V

and 3.75 V upper cut-off are shown, the difference over the 12000 cycles (and 1000 hours



Chapter 4 Supercapacitors 86

Figure 4.7: Top: Cycling of an idealised supercapacitor where the maximum voltage
exceeds the stability limit of the electrolyte but only for a short time. Bottom left shows
the results of cycling two real capacitors with different upper cut off voltages. Bottom
right shows results for the same cells but for a voltage hold tests instead. By looking at
the voltage hold tests it is clear that 3.75 V is above the stability limit of this electrolyte
despite the difference not being noticeable over in the cycling tests. Reprinted with
minor alterations from Cycle Versus Voltage Hold – Which Is the Better Stability Test
for Electrochemical Double Layer Capacitors, Vol 225, D.Weingarth A.Foelske-Schmitz

R.Kötz, pg 84-88, Copyright (2013), with permission from Elsevier.

the test was running) was minimal, it might even be concluded that 3.75 V is better

as it gives higher capacitance values on average. However, the results of the voltage

hold tests (bottom left in Figure 4.7) reveal a different story. These tests are conducted

by raising the cell voltage to the maximum then holding it there via trickle charging (a

constant voltage measurement) for 10 hours, three cycles are then performed to evaluate

the capacitance of the cell at which point the cell is recharged to the maximum voltage

and held for another 10 hours. These tests show that after 100 hours the cell held at

3.75 V begins to degrade rapidly whereas the 3.5 V cell retains its capacitance. The

conclusion from this test is that 3.75 V was above the upper cut-off for the electrolyte

in this system. This shows the value of carrying out voltage hold tests.

Voltage hold tests are quite harsh and it is difficult for unoptimised lab based cells to

withstand them. Therefore when these tests were performed, they were carried out

alongside cells that used standard electrolytes. It is known that acetonitrile-TBAB

electrolytes stand up well to this test in optimised commercial cells. By using this
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standard electrolyte in the lab cells available, the performance of the SDS based ME

can be compared to it in a relative manner.

Tests were carried out in triplicate. The method used was the same as that of Weingarth

et al. [111] except that the upper cutoff used for both cells was 2.7 V. Results are shown

in Figure 4.8.

Figure 4.8: Voltage hold tests for acetonitrile electrolytes and the ME based elec-
trolytes. Each colour represents a different cell. Performance between the electrolytes

was similar.

It is apparent that neither electrolyte withstands this test particularly well. Also there

is some variance between cells observed. This is somewhat expected given that these

cells were assembled by hand. However it could be determined that both electrolytes

performed similarly in this test.

There could be multiple reasons for the poor performance of both electrolytes. Firstly the

carbon mix used was not optimised, as previously stated. The reason for the low voltage

window of supercapacitors is generally the decomposition of impurities in the activated

carbon. A cleaner more processed carbon would reduce this. Also the electrochemical

workstation was located outside of the glovebox. This meant that cells had to be sealed

as best they could with parafilm when they left the glovebox. It is known that water

has a detrimental effect on acetonitrile electrolytes so this could have had an impact on

the performance of those cells.
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As mentioned in Section 1.6, degassing of solvents is an important step in electrochem-

istry experiments as it removes reactive oxygen. Degassing of MEs is difficult as the

solution tends to foam extensively. However, if a solution could be devised for this it

might improve the long term cycling performance of the ME cells.

4.4 Conclusion

In conclusion, MEs show promise as electrolytes for supercapacitors. The performance

of cells with ME electrolytes was comparable to cells based on acetonitrile electrolytes in

both long term cycling and voltage hold tests. The ME electrolytes were able to achieve

a voltage of 2.7 V and an energy density of 40 Whkg-1.

The ME electrolytes did not show as good rate capability as acetonitrile due to the

postulated EEI impeding charge movement in the vicinity of the electrode. By adjusting

the ME composition or changing the surfactant mix, a solution could be developed.

However, there will be a fine line between achieving an extended electrochemical window

effect of the EEI but making charges mobile through the EEI. In particular, choosing an

oil phase that imparts electrochemical stability but allows for the solubilisation of salts

like TBAB could be a solution.

Exactly how the double layer is forming in these electrolytes is another area that needs

to be investigated further. It is unlikely that charges like Na+ ions are migrating into the

oil rich layer of the EEI to any reasonable extent. It is possible that the double layer is

forming in the water rich layer of the EEI some distance from the electrode itself though

exactly how this would be possible is unresolved. Some form of modelling will have to

be undertaken in order to fully understand the complex interaction of the components

at the EEI in order to truly optimise the system and fully exploit ME electrolytes.

The activated carbon used is another area that requires further investigation. As men-

tioned throughout this chapter, oxygen contamination and the formation of oxygen

containing functional groups are a common issues with the activation process. These

can be beneficial as they can provide extra charge storage in the form of pseudocapac-

itive charge transfer reactions. However in the case of ME electrolytes they could also

provide hydrophilic sites where the EEI could not form and allow access of water to

the electrode where it could be split. Exactly how much of a problem this was in the
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current set up was hard to evaluate. Another form factor such as a pouch cell would be

an improvement because it can be fully vacuum sealed which allows easy identification

of gas evolution. The Swagelok-type cells were sealed, but not as effectively as pouch

cells. This meant the Swagelok-type cells could release gas over time, so no pressure

build up was noticeable.

By refining the carbon mixture used, as well as adjusting the ME make up and composi-

tion, the performance of the ME cells could be pushed to surpass the current acetonitrile

electrolytes used in industry.



Chapter 5

Lithium Ion Batteries

5.1 Introduction

Another research goal of this thesis was to apply microemulsion electrolytes to ion batter-

ies. Lithium ion batteries have the most well established catalogue of electrode materials

from which to pull and so they were investigated in depth. Also, lithium ion batteries

have been shown to work with both non-aqueous and aqueous electrolytes, which makes

them ideal to test a new electrolyte that combines aspects of both.

In this chapter, the choice of electrode materials, alterations to the electrolyte used in

Chapter 4, and the performance of the assembled batteries are discussed in detail.

5.2 Lithium ion battery electrodes

Before constructing the cell the electrode materials had to be chosen. The primary

limitation for aqueous lithium ion batteries is the anode material. Many materials have

been used in literature, however, an off-the-shelf material was desired as the focus of this

research was on the electrolyte. The three main materials used as anodes in commercial

lithium ion batteries are lithium metal, graphite, and lithium titanate.

Lithium metal is incompatible with microemulsions, not only because the metallic sur-

face would not allow formation of the EEI, but also because of the possibility of the

lithium metal violently reacting with the water. Graphite is attractive because of its

90
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hydrophobic yet conductive nature. However, the issue in this system is the potential

of the lithium intercalation reaction. The potential of lithium insertion into graphite

to form the corresponding graphite intercalation complex, sits just 0.2 V above the re-

duction potential of lithium [12]. This low reduction potential is a huge advantage in

traditional lithium ion batteries, as it reduces the safety concerns that are associated

with lithium metal while maintaining a high energy density. In the ME systems, the

lower potential limit of the electrochemical window sits well above where graphite in-

tercalation is expected to occur. This makes graphite an unsuitable candidate for ME

based lithium ion batteries.

This brings back a point mentioned in Section 1.8: The voltage of a battery is determined

by the difference in potential energy of electrons in the cathode and anode material.

Therefore, not only must the electrochemical window of electrolytes be made wider,

materials that fit inside this window must also be found.

Therefore lithium titanate would have been chosen as the anode material, as it has a sub-

stantially higher reduction potential than graphite (approximately +1.5 V vs. Li/Li+)

which should place it inside the window of the ME. Due to the supply issues, lithium

titanate could not be used in this study. Anatase phase titanium dioxide was used as a

replacement. Anatase has been shown to be useful as an electrode material [112–114].

On the cathode side, there are a wide variety of materials available, but again, inter-

national availability of industry standards like lithium cobalt oxide, LiCoO2 or iron

phosphate, FePO4 slowed progress. Vanadium pentoxide, V2O5 was selected from the

range of materials available on hand as a material that has shown to be useful across a

range of ion batteries and has a well established lithium chemistry [115–118].

5.3 Electrolyte alterations

The next issue tackled was that of the electrolyte. Until this point, the ME used for

all tests was an SDS-cyclohexane-butanol base ME. However, this ME has sodium ions

in the solution which may interfere with the lithium ion chemistry at the electrodes.

Any anionic surfactants such as sodium sterate are going to have the a similar issue

unless they use lithium as a counter ion. These lithium based surfactants are either not

commercially available or prohibitively expensive.
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Therefore, alternative microemulsions based on alternative surfactants were developed.

The two options aside from anionic surfactants, are non-ionic surfactants or cationic

surfactants. MEs prepared with Cetrimonium chloride (CTAC) as a cationic surfactant,

showed very little tolerance to any added lithium salts and so were avoided. One of the

most widely available classes of non-ionic surfactants is the Triton series with the most

common being Triton X-100.

Figure 5.1: Triton X-100, n =9.5 on average.

Microemulsions prepared using Triton X-100 showed good stability in the presence of

added salts, in most cases being able to reach 1 m concentrations. These MEs also did

not require a cosurfactant as with the SDS based MEs. However they did require a much

larger proportion of surfactant compared to the SDS MEs. The final composition used

was 72 wt% distilled water, 1.33 wt% cyclohexane and 26.7 wt% Triton X-100 as this

mixture showed good stability in the presence of added salt with 1m concentrations of

LiCl being easily achieved.

In order for the ME EEI effect to be in play, the electrode had to be sufficiently hy-

drophobic. Electrodes were prepared as described in Chapter 2.10 with 9 wt% conductive

carbon, 6 wt% PVDF as a binder. Both of these components are hydrophobic and so

there is the possibility the the EEI could form on these surfaces, even though it may be

less robust than on a carbonaceous surface.

Wetting tests of MEs in our lab showed interesting results. When water was placed on

the surface of the electrodes it did not wet the surface fully. The MEs, however, appear

to wet any surface regardless of its hydrophobicity.

The reason liquids wet, (or do not wet) a surface is due to the surface tension between the

substrate and the liquid. A low surface tension means that it is favourable for the liquid
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to wet the surface whereas a high surface tension leads to beading of the liquid on the

surface. MEs contain surfactants which are in the solution to reduce the surface tension

between the aqueous phase and the oil phase. Therefore it is unsurprising that MEs

wet any surface. The action of the surfactants reduces the surface tension regardless of

the phase that preferentially adsorbs on to the surface and the hydrophobicity of that

surface. As a result, wetting tests were not sufficient to establish whether the surface

was sufficiently hydrophobic for the EEI to form. Instead electrochemical tests were

performed to establish whether or not the EEI was forming on these electrodes.

For initial tests, the composition of the electrode slurries was kept the same as those

in Chapter 2.10. If these were unsuccessful, then the composition would be altered to

increase the hydrophobic content and encourage the formation of the EEI.

A further complication came from using Triton X-100 as the surfactant in the ME. SDS,

the primary surfactant used in the MEs Chapter 4, has a small polar head group and a

long non-polar tail. This leads to an EEI as shown in Figure 3.1. Triton X-100 however,

has a small non-polar head group and a large polar tail (see Figure 5.1). This will lead to

a much thinner EEI compared to the SDS based MEs. The water splitting suppression

effect may be lessened compared to the SDS based emulsions as it may be easier for the

water to traverse the oil layer and come into contact with the electrode.

In order to establish the extent of the EEI on the electrodes, cells with 1 M aqueous LiCl

were constructed using the Anatase and V2O5 as described above. The results are shown

in Figure 5.2. The water splitting onset at 1.9 V was similar to what was observed in

Figure 4.3 which indicates that these electrodes did not have any more affinity for water

splitting than the glassy carbon current collectors. If full cell tests showed a similar

pattern to what was seen in Figure 5.2, the conclusion would have to be that the EEI

did not form and something in the electrode composition would have to be altered.

5.4 Initial full cell tests

The first cells assembled with the electrodes and the Triton X-100 based ME showed

very poor performance as shown in Figure 5.3. The discharge capacity was very low at

1.4 mA g-1 after 20 cycles and remained approximately constant over this time. The

sharp drop in potential followed by a linear decrease upon discharge suggested that there
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Figure 5.2: A test of 1 M aqueous LiCl using a TiO2 anode and V2O5 cathode. A
similar water splitting onset is observed in Figure 4.3.

is some redox activity, as a purely coulombic process would only have the linear decrease

as seen throughout Chapter 4.

This result was observed over many cycles even after changing current rates, mass loading

on electrodes and adjusting of the voltage cut offs and was consistent when cells were

remade.

The solution to this problem involved a close examination of the EEI theory that had

been well supported throughout the research so far. As mentioned in Chapter 4, for

a decent capacitance to be observed, some charged species needed to adsorb onto the

electrodes. It is still not clear exactly what is happening at the immediate electrode/elec-

trolyte interface and how the hypothesised EEI model plays into it for supercapacitors,

e.g. what the species is being adsorbed (if any). For an ion battery however, the condi-

tions are much more rigorous. For the battery to function there must be intercalation

of the active species into the electrode material. Otherwise, as the redox reaction pro-

ceeds, there is a charge imbalance at each end of the cell as electrons are pumped from

one electrode to the other. Therefore the active species (in this case lithium ions) must

traverse the EEI and reach the electrode for the cell to function.
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Figure 5.3: GCDC curve of one of the first Li ion batteries assembled using TiO2 as
an anode and V2O5 as a cathode. The current used was 50 mA g-1

.

When lithium chloride is dissolved in the electrolyte, the lithium ions will exist as a

tetraaqua complex [Li(H2O)4]
+. This species is has a relatively high charge density and

its hydrogen bonding capability will mean that it is highly favourable for it to remain in

the aqueous phase. It will also be highly unfavourable for it to move through the oil-rich

EEI to reach the electrode. If the lithium ions are never reaching the electrode then no

intercalation can occur so the battery cannot be charged or discharged.

A solution was devised using the methodology of a phase transfer catalyst. If the metal

ions could be complexed with a ligand that would displace water and make a complex

ion that was hydrophobic enough to penetrate the EEI, the ions would be able to reach

the electrode and intercalate into it.

A ligand like tetrahydrofuran (THF) could result in an appropriately hydrophobic com-

plex, however, water will be in vast excess in the ME. Even if the binding of THF and

water were comparable in strength, the equilibrium will always favour the ligation of

water, with a very low proportion of ions being completely complexed by THF due to
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this large excess of water. Therefore, the ligand has to bind strongly enough to fully

displace water from the complex.

However, in order to intercalate into the solid electrode, the ligands must also de-complex

from the ion. If the ligand was bound too tightly, then this desolvation process would

be unfavourable and hinder the intercalation process. This rules out strong complexing

agents like crown ethers or cryptands.

In order to effectively displace water while not binding too strongly to the ion, a ligand

capable of forming a chelate could be used. When a ligand chelates a metal ion, it

displaces multiple monodentate ligands at once which leads to a large increase in entropy,

making the reaction more favourable. Using this chelate effect, the strong interactions

of the water with the metal ions could be overcome without having to use a ligand that

displaces water on bond strength alone.

The first family of ligands investigated that fit this criteria, being chelating ligands

that will bind strongly to alkali metal ions, were glymes also known as glycol ethers.

In particular, dimethoxyethane (DME) and bis(2-methoxyethly) ether (also known as

diglyme) were used (see Figure 5.4).

Figure 5.4: Structure of two glymes that were trialled as phase transfer catalysts to
allow the metal ions to pass through the non-polar EEI

First, DME was added to the ME described in Section 5.3 to a concentration of both 5

and 10 wt%. At both of these percentages the emulsion destabilised immediately. Upon

increasing the surfactant ratio or decreasing the oil content still no stable composition

could be found. Thus DME was abandoned as a phase transfer catalyst.
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The same was attempted with diglyme. Diglyme was added to give a final composition

of 5 wt% and 10 wt%. Both MEs were stable. The final composition used was the 10

wt% version, as this would maximise the chance of a significant amount of the lithium

being complexed. This meant that in solution there was a 1:1.2 molar ratio of diglyme to

lithium ions. Diglyme complexes lithium in a tridentate mode to form a [Li(diglyme)2]
+

complex [119]. This means that a good proportion of lithium ions in the solution will

exist as this bis complex. Ideally this ratio of liglyme to lithium would be raised even

further to ensure all the lithium ion solution could form the bis complex. At higher

diglyme concentrations the ME began to destablise. Therefore inital tests were done

with a 10 wt% diglyme Triton X-100 ME with 1m LiCl. The electrodes used were TiO2

as the anode and V2O5 as the cathode.

5.5 Cell tests - Diglyme

With the diglyme electrolyte, the assembled cells behaved very differently. The charge-

discharge results of cycle 1, 50 and 100 are shown in Figure 5.5. What is noticeable

is that the initial discharge capacity for cycle 1 has increased by a factor of 10 over

what was seen without diglyme in Figure 5.3. Secondly, there was some evidence of

redox activity in the first cycle. The inflection point around 1.25 V indicated that there

was a redox process occurring and it was not purely a capacitive process. There is

some evidence of the reverse process as well with some bowing in the discharge curve

beginning at around 1 V.

Figure 5.5: Left Cycle 1 and Right: Cycles 1, 50 and 100 of a lithium ion battery
assembled with the diglyme-triton electrolyte. Charging and discharging rates were

50mA g-1 and the voltage cutoff was started at 2 V but was raised to 2.4V
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Cycle 50 however, showed very unusual activity. Firstly, the discharge capacity had

dramatically increased over the first 50 cycles. Usually it is anticipated that discharge

capacity decreases after the first cycle. Potentially, as the cell was ”conditioned” in the

first few cycles, a capacity increase might be expected, but having a sustained increase

over the first 100 cycles was definitely unusual.

The other point of note about cycle 50 is the region around 0.25 V in the discharge curve,

where the voltage increased slightly. As described in Chapter 2.10 during a discharge,

the voltage of the cell is adjusted until the discharging current is met. In a discharge, the

potential difference between the two electrodes is lowered as this drives current in the

desired direction. To have the voltage increase in such a manner during a discharge was

most likely related to a phase change within one of the materials. As it underwent this

phase change, it might be easier for lithium ions to move in or out of the structure which

meant that current might start flowing faster for a given voltage. To meet the required

current, the voltage had to increase to slow down the current rather than decrease to

speed it up, which is usually the case.

This increase in capacity might also be attributed to improved wetting of the electrode.

It is common for the first few cycles of an ion battery to show irregular capacities [120–

122]. This is often referred to as a conditioning step where the cells are cycled a few times

to make sure the electrolyte has fully permeated the electrode. SEIs are also formed

during these first few cycles which stabilise the chemistry of the cell. Once the electrode

is fully wet and any SEIs formed, the entire electrode is electrochemically accessible

which means the capacity should be stable at its full value. Usually this takes less than

5 cycles.

This wetting can also be achieved by letting cells rest once fully assembled. This is obvi-

ously less viable industrially, but is appropriate on a lab scale. In order to see if letting

the cells rest had an effect, 2 cells were assembled, one was put to cycling immediately

whereas one was left for 48 hours before being cycled. Both cells returned similar results

and so the conclusion was that these cells required electrochemical conditioning rather

than just letting the electrode fully wet.

The most likely explanation for this outcome was the state of the electrode materials. A

commercial lithium ion battery is assembled in the discharged state with lithium cobalt
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oxide as a cathode and graphite as an anode. During the first charge the lithium ions

are de-intercalated from the cobalt oxide and intercalated into the graphite.

In this cell, using a V2O5 cathode and TiO2 anode, the anode was in the discharged

state but the cathode was in the charged state. This mismatch meant the capacity

would naturally be lower for the cells as assembled. During the initial charge, lithium

ions from the solution should be intercalated into the TiO2, however this process also

required the titanium centres to be reduced with electrons. Normally these electrons

would come from the cathode but since it was already in the fully charged state it had no

more electrons to donate. As a result, intercalation into the anode was initially limited

and could only be driven by irreversible Faradic reactions at the cathode.

Once a small amount of intercalation had occurred at the anode, this could drive in-

tercalation into the cathode upon discharge but only to a similar extent as what was

driven into anode during the initial charge. If more and more intercalation driven by

irreversible side reactions happened each cycle and the reversible capacity established in

previous cycles carried over, then the capacity would increase over time. This would have

resulted in a slightly lower coulombic efficiency over these cycles which was observed.

How the charge and discharge capacities as well as the coulombic efficiencies of these

cycles developed is presented in Figure 5.6. The capacity increases in a roughly ex-

ponential manner over these cycles. The coulombic efficiency also generally increased

from around 80 % to 90% over this time frame. Ideally the coulombic efficiency would

be as close to 100% as possible. The reason for the low value is probably a combina-

tion of internal resistance of the cell and some irreversible faradaic reactions occurring.

These were unlikely to be solvent decomposition as the efficiency is roughly constant.

If the efficiency was more irregular and much lower, then that would be a sign solvent

decomposition was occurring.

By cycle 100 this process was no longer occurring to the same extent, but the capacity

had more than doubled again to reach 130 mAhg-1. This is among the highest capacities

ever recorded for an aqueous ion battery using intercalation electrodes.

At cycle 80 the upper voltage cut off was raised to investigate the voltage stability of

the system. As the voltage cut off is raised, it is expected that the discharge capacity

increases. As it takes more charge being stored to reach a higher voltage, when the
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Figure 5.6: Left: The charge and discharge capacities of the first 50 cycles for the
lithium ion battery presented in Figure 5.5 Right: the coulombic efficiency of those

cycles

cell is discharged, there is more charge stored so the discharge capacity is higher. This

battery was able to be charged to 2.4 V without evidence of solvent splitting though the

coulombic efficiency of these cycles did drop to 80% on average, indicating that some

more irreversible side reactions may have been occurring.

GCDC experiments were also carried out to see the rate capability of this battery. By

increasing the rate to 500 mA g-1 it was expected that the capacity would decrease. A

faster current rate means that the rate of the reactions is forced to increase. If reactions

are slow such as with solid state diffusion, then they will not be able to keep up with the

faster current rate which decreases the capacity. If the reactions occurring are reversible

in nature, the capacity should be regained upon slowing the current rate down to where

it originally was. This is shown in Figure 5.7

Upon increasing the current rate, the discharge capacity did indeed decrease from be-

tween 125 and 150 mAhg-1 to 50 mAhg-1. Upon decreasing the current rate back to 50

mA g-1 the capacity returned to the value that it was before. The coulombic efficiency

of the cycles at the fast current rate was also much higher (close to 100%) compared to

the approximately 80% efficiency of the slower current rate cycles. This indicated that

maybe the loss of efficiency was due to unwanted side reactions. At higher current rates,

these have less time to occur than at slower current rates and so are seen less. It is hard

to determine what these side reactions were exactly but from the shape of the curves

they were probably not gas evolution or electrolyte breakdown as those features would

be very distinctive (wavy lines in GCDC graphs).
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Figure 5.7: The results of changing the current rates in the lithium ion battery from
50 mA g-1 to 500 mA g-1 and back again. It was observed that the capacity was regained

after re-lowering the current rate which was a sign of reversibility

Looking at the GCDC curves for cycles at the two current rates it was clear that the

redox reactions were still occurring at both current rates. In Figure 5.8, it was seen that

the curves take the same basic shape when the cell is charged at 50 mA g-1 and 500 mA

g-1.

Figure 5.8: Side by side comparison of GCDC curves of a lithium ion battery charged
and discharged at 50 mA g-1 and 500 mA g-1. It was clear that the same redox reactions

are occurring, there were just less of them occurring.



Chapter 5 Lithium Ion Batteries 102

One final observation from these curves was that the apparent potential of the redox

reactions is changing. In cycle 50, there was an inflection point at approximately 1.8

V where as in cycle 100 this same inflection is seen at 2.2 V. The plateau at 0.25 V in

cycle 50 appeared to shift upward in potential into cycle 100, it became less defined but

appears to begin around 0.8 V.

It is likely that at least one phase change is accompanying the intercalation reactions at

each electrode. It is possible that one or more of these phases has a higher lithium ion

conductivity than the initial phases. This might reduce the over-potential associated

with the redox reaction leading to a different observed voltage in the GCDC curves.

Using pre-lithiated electrode materials would allow for a good comparison and an eval-

uation of the validity of this hypothesis. As previously mentioned, obtaining these

materials proved difficult and synthesising them in-house was beyond the scope of this

work.

Another technique that could be used to validate this hypothesis would be in situ or in

operando X-ray diffraction (XRD). This technique probes the evolution of the electrode

materials as the cell is charged and discharged. It reveals things like phase changes or

lattice parameters. However, this is still a relatively specialised technique and is not

widely available yet.

5.6 Cyclic voltammetry

In order to investigate the development of the reactions inside the cell, cyclic voltam-

metry studies were conducted, the results of which are summarised in Figure 5.9. These

results agree with what is shown in the GCDC curves shown in Figure 5.5. Before

cycling, an oxidation peak was observed at 1.1V, however there was no corresponding

reduction peak. This is likely the same redox event that is seen in the first cycle in

Figure 5.5. However in the CV the lack of a reduction peak was unexpected.

As outlined in Chapter 2.10, the cathode was connected as the working electrode and

the anode was connected as the counter and reference electrode. This means that the

forward scan in the CV is equivalent to charging the cell and the backward scan is
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equivalent to discharging the cell. Therefore an oxidation peak in the CV implies an

oxidation was occurring at the cathode and a reduction was occurring at the cathode.

This observation is consistent with the reasoning in Section 5.5. Since the anode was

in the discharged state and the cathode is in the charged state, it is expected that no

complete redox pair would be observed. This evidence suggests that the intercalation at

the anode is being driven by an irreversible oxidation at the cathode. This oxidation at

the cathode cannot be from lithium deintercalation as there is no lithium in the cathode

as assembled.

This result also implies that the electrochemical window of this cell is potentially cathode

limited. If the window was anode limited then a reduction peak might be seen in the CV

corresponding to intercalation at the cathode driven by an irreversible oxidation at the

anode. Since lithium intercalation into V2O5 is facile, there must be oxidation reactions

that can occur at the anode within the potential range scanned. Further investigation

is required to confirm this hypothesis.

The CV after cycling however was markedly different. Firstly, the current density had

increased substantially, by about a factor of 10. Also 3 redox events were now visible,

all with corresponding reductions. There were oxidation peaks at 0.25 V, 1.1 V and 1.75

V, with reduction peaks visible at 0.15 V, and less noticeable peaks at 1 V and 1.6 V.

The difference in voltage of the oxidation and reduction peaks (known as peak separa-

tion) of 100 mV for all of these peaks indicated good electrochemical reversibility of

each of these processes. However, the ratio of peak currents, which is another measure

of the reversibility tells a different story. For the two higher voltage sets of peaks, the

ratio of peak oxidative current to peak reductive current is roughly 2:1. For the lower

voltage peak the ratio of peak oxidative current to reductive current was approximately

1:3.

What was also noticeable from the CVs was the behaviour at approximately 2 V in

the two scans. In the first cycle the current starts to increase at approximately 1.8 V

in a manner that suggests solvent decomposition, or at least it indicated that it was

near/over the electrochemcial window of the system. However, after cycling that is no

longer the case. This could be indication of the formation of an SEI layer. Perhaps

on sites where the EEI is less robust some side reactions are allowed to occur which
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Figure 5.9: Cyclic Voltammograms run on freshly assembled cells (that had sat for
48 hours) and a cell that had been cycled 50 times. Inset is a zoomed in version of the
precycled scan. These scans were recorded at 50 mV s-1 using a two electrode set up
with the cathode (V2O5) as the working electrode and the anode (TiO2) as the counter

and reference electrode. Cycles presented are the third cycle in a set of 3

causes an SEI to form. If this SEI was sufficiently hydrophobic, then it could improve

the robustness of the EEI and strengthen the effect of the extended window.

By extending the CV to 2.4 V as seen in Figure 5.10 it can be seen that there is

an increase in the current at around 2.2V which indicates that this may in fact be the

stability limit of the cell. This may be the reason for the lower coulombic efficiencies when

the cell was cycled with this higher cut off. The GCDC tests however, show that there

is some reversible capacity gained within this voltage range. If it were purely beyond

the stability limit of the cell then the extra (non-reversible) faradaic reactions occurring

would increase the charge capacity dramatically. However, the discharge capacity would

only be expected to increase minimally as the undesired faradaic reactions are assumed

to be non-reversible and the extra capacity that arises from coulombic reactions over

this extra 0.4 V would be small.
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Figure 5.10: Cyclic Voltammograms of a lithium ion battery run with a higher voltage
limit of 2.4 V run at 50 mV s-1. The increase in current around 2.3 V is indicative of

solvent splitting but more tests would be required to confirm this.

5.7 X-ray diffraction

With the electrochemical tests showing evidence of both electrodes being active, atten-

tion turned to other techniques that can give insight into the underlying mechanism

of the cell. Two cells were constructed with the same components as the other cells

discussed so far in this chapter, and cycled to a maximum voltage of 2.4 V at 50 mA

g-1 for 100 cycles. After 100 cycles, one cell was recharged to its maximum voltage (2.4

V) then disconnected from the battery analyser and disassembled immediately. Another

cell was left in the discharged state (at 0 V) and disassembled after being disconnected.

Electrodes were washed with distilled water and left to dry overnight. XRD patterns

for both the anode and cathode in both the charged and discharged state were then

collected and compared to patterns of the pristine electrodes.



Chapter 5 Lithium Ion Batteries 106

5.7.1 Vanadium pentoxide

The pattern of pristine V2O5 is shown in Figure 5.11. The two reflections that are

marked at 26 and 55 degrees 2θ belong to the graphite foil that the active material was

pasted on (See Appendix A). These reflections were observed in all scans of all materials

and so are ignored.

Figure 5.11: The full XRD scan of a pristine vanadium pentoxide cathode from 5 to
80 degrees 2θ at a scan rate of 0.125 degrees per minute. The two marked reflections

are of the graphite foil on which the material was pasted

By magnifying a portion of this pattern and comparing it to charged and discharged

cathodes changes in the structure can be observed. This is shown in Figure 5.12.
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Figure 5.12: A combined XRD pattern of V2O5 cathodes in the charged, discharged
and pristine states. Two reference patterns are also included for ε-Li0.5V2O5 and V2O5

to allow for comparison. Orange dotted lines are added so that the slight contraction
of the lattice of the charged sample compared to the pristine sample is more visible.

First, the pattern of the pristine sample matches well with the reference pattern 04-

005-5922 from the ICDD database. This is of the orthorhombic or α phase of vanadium

pentoxide. For this phase, ions are generally intercalated into the octahedral sites within

the a-b plane [123].
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As the V2O5 is acting as a cathode, the lithium ions should intercalate into the structure

during discharge and then de-intercalate during charge. Therefore, if no irreversible

phase change is occurring during cycling, the pristine and charged samples should be

similar to each other. This was observed. The relative reflection intensities were slightly

different, for example the reflection at 45.5 degrees 2θ, which represents the [141] plane,

was more intense in the charged sample than in the pristine sample.

There reflections in the charged sample were also slightly offset to higher 2θ from those in

the pristine sample (see the dotted lines in Figure 5.12). In order to correct for any shifts

due to a misplaced sample in the detector, the reflections in all patterns were referenced

to the carbon foil reflection at 26.3 degrees 2θ. This offset would represent a slight

contraction of the lattice relative to the pristine sample which would be unexpected. It

could also be the result of a variation in the thickness of the coatings.

The discharged sample matched well with the reference pattern 04-021-4043 from the

ICDD database shown in Figure 5.12 which is for ε-Li0.5V2O5 . In particular reflections

at 41.2 and 42 degrees 2θ in the pristine pattern (which represent the [002] and [012]

planes respectively) shift to 40 and 40.8 degrees 2θ (which again represent the [002] and

[012] planes). This move to lower 2θ represents an expansion of the lattice along these

planes, which is consistent with lithium ion intercalation. This is strong evidence that

intercalation is indeed occurring at the cathode during discharge and de-intercalation is

occurring upon charge.

In the charged sample there was still some evidence of some the ε-Li0.5V2O5. for example,

the marked peak in Figure 5.12. This is expected as each charge cycle may not fully

extract all the lithium from the cathode and leave behind some of the lithiated phase.

5.7.2 Titanium dioxide

The titanium dioxide used in these studies was the anatase phase as this is what was

available. Unlike the V2O5, no change is visible in the XRD pattern for this material as

seen in Figure 5.13.
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Figure 5.13: XRD patterns of TiO2 in the pristine, charged and discharged state.
These patterns all look identical to each other and correlate well to the anatase pattern

shown. Both charged and discharged electrodes were taken after 100 cycles.

The patterns did correlate well with the anatase pattern shown in Figure 5.13. Given

that change is observed in the cathode and there is good electrochemical evidence that

there is activity at both electrodes during cycling, these results are unexpected. This

does not necessarily disprove that there is intercalation at the electrode is occurring.

Despite lithium titanate being a better starting anode material for lithium ion batteries,

the intercalation of lithium into anataste TiO2 has been studied previously [124, 125].

Ren et al. synthesised mesoporous anatase microparticles and studied the XRD patterns

as the amount of lithium intercalation increased [126].
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Figure 5.14: XRD patterns of mesoporous anatase TiO2 particles as a function
of lithium intercalation. Reproduced from “Lithium Intercalation into Mesoporous
Anatase with an Ordered 3D Pore Structure” Angew. Chem. Int. Ed., Volume: 49,
Issue: 14, Pages: 2570-2574, with minor alterations with permission from John Wiley

and Sons.

While the reference pattern in Figure 5.14 does not match with the reference pattern

in Figure 5.13, some conclusions can still be drawn. First, as the proportion of lithium

inside the structure increased, the changes in the XRD pattern were minor. In particular

the reflection at just below 45 degrees 2θ appeared and disappeared over this process.

It is noticeable in Figure 5.14 that pattern a, that has no lithium in the structure, and

pattern f which has 0.96 lithium atoms per TiO2 unit, have remarkably similar reflection
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positions. The intensities in the reflections were different however. In Figure 5.13, the

intensities of the peaks were slightly different to each other which is in agreement to the

finding shown in Figure 5.14. It is difficult to claim the different intensities in Figure

5.13 as significant however, as there will be variation exactly how much of the material

is exposed to the X-rays in each sample due to slight variations in coating thickness or

positioning within the instrument which could also give the same result.

To conclusively show intercalation into the anode is occurring, several techniques are

available. First, ex Situ XRD patterns could be collected at various states of charge as

was done by Ren et al.. This is a time consuming pocess but it would allow for the

subtle changes that occur to be observed. Second, in situ, operando XRD would allow

patterns to be collected in real time as the cell is charging and discharging. This is

a very advanced technique and currently only available in a few select places globally.

Finally, X-ray photoelectron spectroscopy (XPS) could confirm the presence of lithium

and observe the oxidation state change of the titanium centres from +4 to +3 in the

charged state.

While the difference in patterns was not as noticeable as it was with the V2O5 cathode,

given the results of Ren et al, this similarity does not rule out intercalation occurring at

the anode as well.

5.8 Scanning electron microscopy

XRD will pick up bulk structural changes and not surface changes, since SEIs are a

surface phenomenon, another technique was required. Scanning electron microscopy

(SEM) can be used to see the surface of samples, and can be used to suggest the formation

of an SEI. In reality however, proving the formation of an SEI requires much more

detailed analysis. [13]

Samples of both electrodes were taken in both a pristine and discharged state after

having been cycled at least 100 times to 2.4 V. No change was immediately obvious

between the two samples for either electrode.
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Figure 5.15: SEM images of TiO2 electrodes in a pristine state and in a cycled state.
There was no apparent difference in the morphology of the two samples.

Figure 5.15 shows the TiO2 anodes in a pristine state and a cycled state. There is no

visible difference in the surface of the two samples. It is seen that the TiO2 particles

have a wide size distribution. The smaller particles visible are the Super-P conductive

carbon present in the slurry. The particle size between the two samples was roughly

similar and there was no evidence of any films forming on this electrode.
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Figure 5.16: SEM images of V2O5 electrodes in a pristine state and in a cycled state.
Again, there was no visible difference in the morphology of the two samples.

Likewise for the V2O5 electrodes (Figure 5.16) there is no apparent difference between

the two samples in terms of the surface morphology.

These observations do not on their own rule out the formation of an SEI film as it may

be very thin or it may have been damaged during sample preparation. Transmission
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electron microscopy could be a tool to investigate this further however these studies were

not performed due to the lack of evidence of an SEI in the SEM images.

Since the surface of the electrode is central to the function of the ME electrolytes, how

the SEI and EEI develops over time will have to be investigated in greater detail in

future studies.

5.9 Comparison to literature

No cell has ever been made with this combination of anode and cathode. One example

does exist of a TiO2-V2O5 composite by Zhou et al., [10] however in this work the TiO2

was there as a suppourt only and provided no capacity. However both of the electrode

materials can be examined individually.

V2O5 has been studied extensively as a cathode material for lithium ion batteries [127–

130]. Three separate insertions and corresponding phase transformations that can take

place.

V2O5 + 0.5 Li+ + 0.5 e− −−⇀↽−− ε-Li0.5V2O5 (5.1)

ε-Li0.5V2O5 + 0.5 Li+ + 0.5 e− −−⇀↽−− δ-LiV2O5 (5.2)

δ-LiV2O5 + Li+ e− −−⇀↽−− γ-Li2V2O5 (5.3)

In CV studies in the literature, the first two peaks are almost always seen, whereas the

third peak is seen less often due to an apparent lower reversibility of this step [12]. The

redox activity of V2O5 is best seen in the work by Zhou et al., [10] in Figure 5.17.
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Figure 5.17: CV results and corresponding GCDC curves for VOx Nanofibers (the
precursor material in this study) in blue. V2O5 Nanoribbons in green and the TiO2-
V2O5 nanoribbons which was the focus of the study. Reprinted from A scalable strategy
to synthesize TiO2-V2O5 nanorods as high performance cathode for lithium ion bat-
teries from VOx quasi-aerogel and tetrabutyl titanate, Ceramics international Vol. 43
Issue 15, Zhou et al., 12689-12697, Copyright (2017) [10], with permission from Elsevier.

From these results it can be seen that there are 3 redox peaks associated with lithium

intercalation into V2O5. The two reactions at higher potential appear to be more re-

versible than the lower potential reaction as indicated by the peak separation. Peaks

that are more separated are generally less reversible.

The potential of the three oxidation peaks from Figure 5.17 are 2.6 V, 3.25 V and 3.5 V

(all vs. Li/Li+). The oxidation peaks in Figure 5.10 are 0.6 V, 1.2 V and 1.75 V. The

voltage separation between the first and second peak are similar but the third peak in

the current work is shifted to higher potential than might be expected. This could be

because the two higher potential peaks in Figure 5.10 overlap somewhat due to the scan

rate used. A slower scan rate can help separate peaks and make them more well defined,

especially in battery research where redox process in solid electrodes can be quite slow

compared to solution based electron transfer.

What is also of note is that the reduction peak at 2.25 V in Figure 5.17 is also much

larger than the corresponding oxidation peak, similar to Figure 5.10. This gives a rough

indication of where the potential of this cell is relative to Li/Li+. The peak separation

of the low potential couple in Figure 5.17 is 335 mV whereas in Figure 5.10 it is only 150
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mV which suggests that this ’irreversible’ reaction is more reversible in the ME system

than in non-aqueous solvents.

When it comes to comparing the GCDC curves for this cell it is seen in Figure 5.17

that three distinct plateaus are observed in both the charge and discharge curves at

the correct potentials. This is not the case with the current results shown in Figure

5.5 where in cycle 100 only one charging plateau is observed at approximately 1 V and

the discharge profile has no well defined plateaus. The curve in Figure 5.5 is more

reminiscent of the VOx (blue) curves in Figure 5.17 which show similarly undefined

peaks. CV results do not always agree with GCDC curves, one method can often reveal

somewhat well defined redox process that are not seen in the other method.

Finally, the capacity of the cells shown in Figure 5.17 is higher than than what recorded

for the cell in Figure 5.5. As with all ion battery cells in this work, the anode was

in large (5x) excess in terms of loading to make sure its potential remained relatively

constant and so the capacity was known to be cathode limited.

The capacity of a battery follows the following relationship:

1

Ca ×ma
+

1

Cc ×mc
=

1

Ctotal ×mtotal
(5.4)

Where Ca and Cc represent the specific capacitance of the anode and cathode respec-

tively and ma and mc represent the mass loading of the anode and cathode respectively.

As the mass loading of the anode increases, the first term in Equation 5.4 becomes less

significant and the capacity is solely influenced by the cathode. In this special case the

mtotal term on the right hand side of Equation 5.4 is treated only as the mass of the

cathode.

The theoretical capacity of an active material is given by the following equation

C =
n× F

3.6×M
(5.5)

Where C is the specific capacity of the material in mAh g-1, n is the number of moles

of electrons stored in the material, F is Faraday’s constant, M is the molar mass of the
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material. For V2O5 the number of moles of electron that can be stored is either 1 or 2

depending on whether or not the third phase transformation is used. This gives specific

capacities of 74 mAh g-1 for the first lithium insertion, a total of 147 mAh g-1 for the

one electron process (the first two insertions combined) and a total of 294 for the full

two electron process (all three insertions).

The capacity values in the work of Zhou et al. are calculated purely on the mass of

active material in the electrode rather than the mass of all components. Only 70% of

the electrode was the active material. Converting the numbers seen in Figure 5.17 to

a more realistic number based on the whole mass of the electrode, the capacity is 180

mAh g-1. The results obtained with the ME electrolyte work were approximately 130

mAh g-1. This shows the ME system and the formation of the EEI is not too detrimental

to the potential capacity of a system. If the capacity of the ME system is calculated

only on the basis of the active material, then the cell presented in this work achieved

a cathode limited capacity of 153 mAh g-1 which shows that at least some of the third

phase transformation is taking place in the V2O5 as the capacity exceeded the theoretical

capacity if just one electron transfer is considered.

However, there is only evidence for the first lithium insertion in the XRD as seen in

Figure 5.12. Given that the theoretical capacity of just the first insertion is only 74

mAh g-1, the observed capacity of 130 mAh g-1 exceeded this and is evidence of the

further reactions occurring. If these cells were tested on a larger scale then maybe

these other phases would be visible in the XRD patterns. XPS could also be useful to

determine the oxidation states of the vanadium centres and potentially their relative

amounts and would provide evidence of the more lithiated phases.

There is a strong possibility that with more careful optimisation of the electrode prepa-

ration or exact V2O5 used (such as nanostructured samples) that this capacity could be

improved to match literature capacities.

Direct literature comparisons for the anode are harder to find given that most research

focuses on lithium titanate and not TiO2. Some research does exist using titanium

dioxide nanoparticles such as the work of Ren et al. [131].

The results shown in Figure 5.18 show roughly the same voltage profile regardless of

morphology. With only one long plateau that is somewhat sloped. Therefore, any well



Chapter 5 Lithium Ion Batteries 118

Figure 5.18: GCDC curves showing the capacity of various forms of TiO2. Repro-
duced with minor alterations from Ren et al. Nanoparticulate TiO2(B): An Anode for
Lithium-Ion Batteries, Angew. Chem. Int. Copyright c© 2012 WILEY-VCH Verlag

GmbH Co. KGaA, Weinheim.

defined redox peaks in the CV scan can be attributed to the V2O5 as was discussed earlier

in this section. Whenever an oxidation happens at the cathode it must be followed by

a reduction at the anode, whenever the cathode reaction is finished the potential of the

cell increases or decreases until the next oxidation can occur at the cathode. During

this time, no reaction happens at the anode as there is no corresponding reaction at the

other electrode.

Combining these two results allows an estimation of the expected cell potential for

this combination. Lithium insertion into titanium dioxide has an apparent potential of

approximately 1.6 V vs Li/Li+ (taken from the midpoint of the plateau). V2O5 has

reversible reactions at 3.21 V and 3.49 V vs Li/Li+. This means that the potential of

the V2O5-TiO2 cell presented in this work should be somewhere from 1.6 V - 1.9 V.

However this is not materialised in the GCDC curves in Figure 5.5.

Firstly, from the shape of the curves (i.e. the lack of strong plateaus) it is hard to

ascribe a nominal potential to this cell in the first place. There is a prominent plateau

in the charge curve centred at approximately 1V but this distinct feature is lacking in

the discharge curve. Internal resistance of the cell could lead to lower than expected
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voltages. This could also come in the form of other overpotetnials, perhaps one step

during the discharge (delithiation of the anode or lithiation of the cathode) was slower

or requires a slightly higher over-potential than the reverse step. For example the phase

transformations that accompany the lithiation/delithiation of the V2O5 might be slower

in one direction than in the other. The CVs only probed a very small amount of the

reactions occurring whereas the CDC experiments theoretically complete each individual

reaction before moving to the next one. Given the broad nature of many of the peaks

in the CV it is possible that these might just be smearing together and overlapping in

the GCDC experiments.

5.10 Conclusion

In conclusion, a lithium ion battery has been constructed using an ME based on Triton

X-100 as an electrolyte. The addition of diglyme to the ME was crucial as it acted as a

phase transfer catalyst to allow the lithium ions to reach the electrodes.

The lack of pre-lithiated electrode materials meant that the performance of the battery

continued to improve as it was cycled, eventually producing one of the highest discharge

capacities for an aqueous lithium ion battery ever recorded. XRD investigations cou-

pled with the electrochemical evidence gave strong evidence of reversible intercalation

occurring at both electrodes.

By working with pre-lithiated electrode materials the cell could be understood in greater

detail. The voltages observed for this cell were also relatively low and the shape of the

GCDC curve is not the ideal flat plateaus. This could be improved by finding other viable

electrode materials that fit within the window of the electrolyte. While the choice of

anodes was somewhat limited there are a range of cathode materials that may be viable

alternatives.
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Sodium Ion Batteries

6.1 Introduction

To investigate whether the ME system is applicable beyond lithium, sodium ion batteries

were also studied. Being one period lower in the group than lithium, Na+ ions have a

similar chemistry to Li+ ions. Sodium is also much more earth abundant than lithium,

which makes it an attractive alternative to lithium for large scale applications. However,

sodium’s molar mass, and ionic radius, are larger than that of lithium which means that

the specific and volumetric capacities of sodium ion batteries are generally lower than

those of lithium ion batteries.

The aims of this chapter are similar to those of Chapter 5. Finding an appropriate ME

and electrode, materials to be used in a sodium ion battery and to study the assembled

battery electrochemically and using XRD and SEM.

6.2 Electrode materials

The choice of electrode materials for sodium ion batteries is similar to that of lithium ion

batteries, with anode materials being somewhat limited and a wider range of cathode

materials in the literature.

For anodes, most research is limited to carbonaceous anodes. Unlike lithium, intercala-

tion of sodium ions into graphite is not very favourable [12]. Instead, hard carbons, first

120
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demonstrated by Dahn et al., are favoured. These are made by pyrolising cellulose at

high temperatures [132]. However, the insertion potential of sodium into these materials

is very low [12]. This means that it is probably unusable in the ME system much like

graphite was unuseable in the ME based lithium ion battery. Similar to lithium ion bat-

teries, titanates have been used as an anode in various forms [133–137]. The insertion

potential of sodium into these titanates is higher than it is for hard carbon and so could

find use with MEs much like lithium titanate was viable for the ME based lithium ion

batteries. Sodium titanate was available to be used in these studies.

For a cathode, Prussian blue was selected. Prussian blue (Iron (III) hexacyanoferrate (II)

or Iron (III) ferrocyanide) is a dark blue pigment with a cubic crystal structure similar

to a metal organic framework. This highly porous structure can accommodate metal

cations in the middle of the cubes made by the lattice. This very porous structure also

allows ions to flow through it easily. Many Prussian blue analogue electrodes exist where

some of the iron atoms are replaced with other transition metals such as manganese or

cobalt. This changes the redox characteristics of the material and can have an effect on

the overall capacity [138–141].

Figure 6.1: Prussian blue unit cell showing the channels which ions can flow into and
out of.

For this work, standard iron based Prussian blue was chosen due to its ease of synthesis.

The material was prepared by mixing a saturated solution of iron (III) chloride (>99.9%

Sigma) (3.7 g in 5 mL distilled water) into a vigorously stirred saturated solution of

potassium ferrocyanide K4[Fe(CN)6] (>99.9% Sigma) (1.39 g in 5 ml distilled water).
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The blue precipitate formed instantly and was recovered by vacuum filtration. The

precipitate was washed with distilled water and ethanol before leaving to dry in air.

With the anode and cathode materials selected, focus turned to the electrolyte. The

Triton X-100 based electrolyte is appropriate to use for these systems except the LiCl

was substituted for NaCl at the same 1m concentration. Diglyme was also included in

the composition as it was with the lithium ion batteries.

6.3 Sodium ion batteries - GCDC

Cells were assembled in a similar fashion to the lithium ion cells in Chapter 5. GCDC

tests showed clear redox activity with two plateaus, one at approximately 1.75 V and

the other at approximately 1 V (Figure 6.2. Observing two plateaus is expected for iron

based Prussian blue analogues [138]. Prussian blue analogues containing other transition

metals may only show one redox plateau [140]. The two redox events visible in Figure

6.2 both arise from the Fe2+/3+ couple, one from the iron atoms that are coordinated

by 6 carbon atoms in the framework (referred to as the FeC6 centre) which are in a low

spin state, and one from the iron atoms coordinated by 6 nitrogen atoms (FeN6 centres)

which are in a high spin state. These redox events being separated by approximately

0.75 V agrees with literature results [139, 140].

The higher voltage plateau is attributed to the FeC6 centres [139]. The more positive the

reduction potential of a reaction, the more thermodyamically favourable it is (by ∆G=-

nFE). The 3d orbitals of the FeC6 centres are split more because the C is a stronger

ligand than the N. This means that reducing the FeC6 centres is more energetically

favourable as there is more energetic gain from placing an electron in a lower energy

orbital which leads to a greater voltage output. Said another way, removing an electron

from a lower energy orbital (oxidation) requires more energy and so this process will

happen at a higher voltage.

Comparable to the lithium ion batteries in Section 5.5, there was some conditioning

that took place. Like the Li cells, this conditioning was electrochemical in nature and

could not avoided by leaving the cells to rest after assembly. What was most unusual,

was that the higher voltage plateau showed no need for such conditioning, being active

to a similar extent (shown by the overlapping of the discharge curves) in the first 100
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Figure 6.2: GCDC curves of a sodium ion battery constructed with a Prussian blue
cathode and a sodium titanate anode. Results from the first 500 cycles are shown. The
charging and discharging currents used were both 50 mA g-1. A: cycles 1 50 and 100,

B:cycles 250 and 500

cycles. The lower voltage plateau, however, grew in over the same time period, being

non-existent in the first cycle. The reaction underlying this potential was responsible

for most of the capacity of this cell by cycle 250.

As this was the cathode material, it would undergo reduction upon discharge and oxi-

dation upon charging. In the fully charged state, all the iron centres should therefore

be in a +3 oxidation state. In the fully discharged state all the iron centres should be

in a +2 oxidation state. As synthesised the material was Fe7(CN)18, or Fe4[Fe(CN)6]3

which has 4 of the 7 iron atoms in the oxidised (+3) state.

During the first charge in Figure 6.2 there was an apparent plateau at approximately

1.1 V as well as 1.8 V. While there was a corresponding discharge plateau for the second

plateau at approximately 1.7 V, there was no discharge plateau for the lower potential

reaction. This may represent the iron atoms that were in the +2 oxidation state in the

pristine material being oxidised to the +3 state in this initial charge. Interestingly, this

charging feature at 1.1 V was absent in cycle 50 shown in Figure 6.2 but reappeared by

cycle 100.

Why these lower potential FeN6 centres were able to be oxidised in the first cycle, then

were inactive for the next 100 cycles before becoming the dominant contribution to the

capacity by cycle 250 is unclear. In the fully reduced state (with all iron centres +2)

the charge on the compound is Fe4[Fe(CN)6]3
4-. This would support the intercalation
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of 4 sodium ions to maintain charge balance. However, in the fully charged state (with

all iron centres in the +3 state) the charge on the compound is Fe4[Fe(CN)6]3
+3. In

order to satisfy charge balance in the structure a negative ion must be intercalating.

How this could occur in the presence of the EEI is unclear. As established in Chapter

5, transport of cations across the EEI is not possible unless they are complexed with

diglyme. The major anion in the electrolyte are the chloride ions from the NaCl. The

chloride ions will be complexed by the water, but only weakly. This might mean it

is easier to break the solvation shell and transport the chloride across the EEI to a

thermodynamic minimum inside the cathode. There is also the potential of CN- from

the ferricyanide being displaced and existing free in the solution. However, given how

strongly this ligand binds to the iron centre this was viewed as unlikely.

The electrodes were also placed in a sample of ME and left for 1 week to test if the

electrode material would dissolve into the ME. After this period of time no change in

colour of the solution was observed. The slurry also appeared to still be adhered to the

carbon foil surface.

In order to investigate this further, a cell containing 1 m aqueous NaCl was constructed

using the same electrodes. The hypothesis is that the lower potential reaction should

still be able to happen but the onset of water splitting reactions will happen before the

higher potential reaction is reached. Due to the lack of EEI, it is easier for the chloride

ions to reach the electrode, the lower potential reaction should be observed more quickly.

However, this is not what was observed. The assembled cell was cycled at 50 mA g-1

and the upper cut off was raised sequentially every 10 cycles from 1.2 V to 2 V. Below

1.8 V no faradaic reactions were observed as seen by the straight diagonal lines in the

GCDC experiments (Figure 6.3). Above 1.8 V, a faradaic reaction is observed at a

similar potential to that of the ME electrolyte shown in Figure 6.2. This aqueous cell

is able to achieve this high voltage due to the glassy carbon current collectors as per

Figure 5.2. Above a voltage of 1.9 V significant solvent splitting is observed.

This disproved the above hypothesis of chloride transport to the electrode limiting the

appearance of the lower potential redox event. Another possibility was that the lack of

reaction could be limited by the anode. A phase change may be required in the anode

before sodium ions can be intercalated and deintercalated reversibly. Even though the

cathode reactions may be able to proceed, since no anode reactions could, no faradaic
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Figure 6.3: Left: The results of the test cell using an aqueous 1 m NaCl electrolyte.
The upper voltage cut offs were raised sequenctially by 0.2 V every 10 cycles. Cycles
shown are the 5th in every set of 10. The charging current used was 50 mA g-1. No
faradaic reactions were observed until the cut off is raised to 1.8 V at which point only
the upper voltage reaction was observed (circled). Right: when the cut off was raised
above 1.8V significant solvent splitting is observed as this is an aqueous electrolyte so

does not benefit from the electrochemical stability of the ME.

processes occur in the cell. It is possible that this phase change happens only at high

potentials (1.8 V and above). Only once the cell has been raised to this potential and

the phase change has happened the anode is ‘active’ for intercalation. Maybe only once

the cell has been cycled a few times at this higher potential will the phase change be

complete. Once it is complete then the intercalation-deintercalation process is facile

enough to proceed at the lower voltages.

This could be elucidated by XRD studies (See Section 6.5) as well as incorporating a

reference electrode into the cell while it is running. This would allow the potential of

both the anode and cathode to be monitored individually, rather than monitoring the

difference in potential between the two.

The behaviour of the capacity and coulombic efficiency of a cell with a ME electrolyte

over the first 500 cycles are presented in Figure 6.4. The discharge capacity increased

from around 20 mAhg-1 to a maximum of 40 mAhg-1 between cycles 200 and 250. This

is not an outstanding capacity for a sodium ion battery with numbers getting over 100

mAhg-1 for non aqueous and aqueous systems. The coulombic efficiency of these cells

was also high at approximately 95% after cycle 75.

What is of note is the cell voltages achieved by this combination of electrodes. One of

the voltage plateaus occurred at 1.75 V. This was noteworthy at this was well above the

1.23 V threshold of water splitting. While aqueous supercapacitors can push past the
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Figure 6.4: Results of the first 500 cycles of a sodium ion battery constructed with
a Prussian blue cathode and a sodium titanate anode. A) The dicharge and charge
capacities which peaked at around 40 mAhg-1 between cycle 200 and 250. B) coulombic

efficiency was low in early cycles but increased to 95% by cycle 75.

window a little bit if the system is engineered correctly (See Chapter 1.8) an aqueous

battery that achieves such voltages without resorting to a ”water-in-salt” methodology

has never been seen.

The rate capability of these cells was also tested by increasing the current rate to 500 mA

g-1. The results of these are shown in Figure 6.5. The redox reactions were still visible

with clear plateaus although the capacity had reduced by over 50% which indicate that

the rate capability could be improved.

6.4 Cyclic voltammetry

Cyclic voltammetry studies were carried out in the same manner as for the lithium ion

batteries with scans before and after 100 cycles. Figure 6.6 shows the results of this

experiment. Similar to what was seen for the lithium ion battery in Figure 5.9, the

current density does increase over time. This is not unexpected given the results from
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Figure 6.5: A sodium ion battery cycled at 500 mA g-1. The redox reactions were
still visible but the capacity was dramatically reduced by over 50%

the GCDC tests. Much like the lithium ion batteries, no redox processes were visible in

the first cycle but do become visible after cycling. The current density also increased

over this time.

When the cell is scanned at a slower scan rate (10 mV s-1), those same redox process

visible in the later cycles at higher scan rates become visible (see Figure 6.7). Solid state

electrochemistry (such as intercalation) happens much more slowly than solution phase

electrochemistry. At fast scan rates, reactions may happen too slowly to be picked up

by the measurement. Slower scans allow for these processes to be distinguished as the

cell is closer to equilibrium at all times. However the observed current density is lower

at slower scan rates. It is not uncommon to see scan rates of 0.1 mVs-1 in the battery

literature.

There are two reactions observed in these CVs and their potential remains constant

before and after cycling. The potentials of the two reactions (taken as the mid-point

between the oxidative and reductive peaks) is 1.71 V for the lower potential reaction

(a peak separation of 180 mV) and 2.1 V for the reaction at higher potential (200 mV
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Figure 6.6: CVs of a sodium ion battery run at 100 mV s-1 before and after running
for 100 cycles

peak separation). This is a divergence from the potentials measured in the GCDC tests

where the observed discharge plateaus were at 1.75 V and 1 V. The difference in the

potential of the reactions as observed in the CV was 0.4 V, whereas in the GCDC tests

the difference in the voltage of the plateaus was 0.7 V.

As previously mentioned, the GCDC and CV measurements do not always match exactly.

This is for a number of reasons. One can be the internal resistance of the cell being

different when run galvanostatically compared to being run as a CV. This would shift

the potentials of the reaction slightly. It could also be a result of the CV only probing

a very small amount of the material whereas the GCDC curves theoretically hold at a

given potential until the reaction is finished.
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Figure 6.7: CVs of a sodium ion battery recorded at 100 mVs-1 after running for 100
cycles and one before cycling recorded at 10 mVs-1. Inset, a zoomed in view of the

precycling scan

6.5 X-ray diffraction studies

As with the lithium ion batteries in Chapter 5, X-ray diffraction studies were undertaken

to investigate the proposed intercalcation mechanisms at both electrodes. Testing condi-

tions were identical to those used in Chapter 5 with pristine electrodes being compared

against charged and discharged electrodes.

6.5.1 Prussian blue

Given the cubic network structure of Prussian blue, the lattice parameters are not ex-

pected to change too much on intercalation. This is because the sodium ions should

occupy the vacancies in the middle of the cubes (See Figure 6.1). This may mean addi-

tional reflections may be seen in the XRD pattern representing these interstitial sodium

ions.
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As with previous results presented in Chapter 5, the main reflections visible at 26 and

55 degrees 2θ, were of the graphite foil on which the electrodes were coated (Figure 6.8).

A zoomed in version of this data is visible in Figure 6.9.

Figure 6.8: The full XRD scan of a pristine Prussian blue sample from 10o 2θ to 80o

2θ at a scan rate of 0.125 degrees per minute. The two most intense reflections are that
of the graphite on which the material was pasted.



Chapter 6 Sodium Ion Batteries 131

Figure 6.9: A zoomed in section of Figure 6.8 reflections show a good agreement with
the reference pattern. reflections in the discharged sample appeared sharper indicating
a higher crystallinity of the sample in this state. Another reflection also gradually
appears at 32o 2θ which is more prominent in the charged state than the discharged

state. The Miller indices [hkl] of certain peaks are indicated.

First, the pristine sample agreed well with the chosen pattern for Prussian blue which

confirmed that the synthesis was successful. However, the reflections in the pristine

sample were somewhat broad indicating a lower degree of crystallinity compared to

the highly crystalline samples seen in the literature [142–144]. Crystallinity is generally

important for battery materials that use an intercalation mechanism as it allows for easier

diffusion through the interstitial sites in the lattice. Higher crystallinity also makes for

a flatter voltage plateau which is commercially desireable. However, in some materials

a more amorphous structure may allow for easier diffusion and higher capacities [145–

147]. Crystallinity is particularly important for Prussian blue and a lot of the literature

focuses on making samples as crystalline as possible [142]

The simple synthesis method used caused rapid precipitation of the Prussian blue, which

might result in a lower crystallinity than expected. This lower crystallinity might also

be the cause of the lower capacity compared to other literature results (see Section 6.8).

As Prussian blue acts as the cathode material, the sodium ions should intercalate upon

discharge and deintercalate upon charging. From Figure 6.9, as expected, the peak

positions do not change greatly upon cycling. However, the crystallinity of the sample
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in the discharged state appears to increase upon discharge (indicated by the peaks getting

sharper).

This could be due to the intercalated sodium ions providing a more rigid support struc-

ture for the framework. The reflections that are influenced the most by the intercalation

are the [200] and [400] planes and to a lesser extent the [420] plane whereas the [222]

plane appears to be unaffected by this process. All of these planes except the [200] plane

have a sodium ion in them in the intercalated state. The presence of sodium ions in

particular planes ([222], [400], [420]) is not a predictor of how the long range order of

the planes changes upon intercalation.

In the pattern for the Prussian blue cathode a reflection appeared at approximately

32o 2θ upong charging and discharging. This reflection was not present in the pristine

sample. It is more prominent in the discharged state, but is still present in the charged

state.

This reflection could not be matched from a variety of candidates including NaCl, sodium

containing Prussian blues and FeCl3. Sodium titatante was also checked as a potential

match in case some of the anode material had dissolved in the electrolyte and migrated

to the cathode. This reflection might hold the answers behind why the second voltage

plateau develops over time in the GCDC curves. No other new reflections were visible

in the entire pattern.

6.6 Sodium titanate

Unlike Prussian blue which has a well defined crystal structure, ‘sodium titanate’ can

refer to a range of materials with different stochiometries [148]. The sodium titanate

used was purchased from Sigma Aldrich as sodium metatitanate (catalogue number

401307, CAS number 120-34-36-5) with a chemical formula of Na2Ti3O7. One of the

listed applications of this material is as a low voltage anode in sodium ion batteries.

The results of XRD studies on pristine, charged and discharged electrodes are presented

in Figure 6.10.
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Figure 6.10: XRD pattern of sodium titanate electrodes in the pristine charged and
discharged state. Both charged and discharged electrodes were measured after 100
cycles. The pristine state shows a mixture of phases that do not correlate perfectly to
any database pattern. In the charged state the structure is crystalline but no database
match could be found for the structure. The discharged state is amorphous or poly-

crystalline.

Firstly, in the pristine state, this material could not be matched to a singular pattern

in the ICDD database. Two of the more representative patterns, ICDD 04-015-7486

and 01-080-5525, are presented in Figure 6.10. These patterns represent structures with

the formula Na2Ti3O7 and Na2Ti6O13 respectively. Even the combination of these two

patterns do not account for all the observed reflections, such as the reflection at 36o 2θ

in the pristine sample in Figure 6.10. This means that the pristine sample is most likely

a mixture of different phases (and stoichiometries) of sodium titanate.

After 100 cycles, the structure of the materials changed dramatically. Since this material

acts as the anode, the sodium ions should be intercalated in the charged state and

deintercalated in the discharged state. The titanium ions should be in the +4 state

when discharged and in a lower oxidation state, +2 or +3, in the charged state.

In the charged state, the material maintains its crystalinity showing several well defined

reflections. However it is a totally different phase to the one observed in the pristine

state. The pattern obtained could not be matched to any patterns in the ICDD database.

This was likely due to there still being a mixture of phases present and also that the
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charged state is made up of non-stoichiometric compounds (e.g. NaxTiO2) which will

make it harder to match to a pattern in a database. Regardless, the large difference

in the XRD pattern observed between the pristine and charged state is strong evidence

that intercalation is occurring.

In the discharged state, it is expected that the sodium ions are deintercalated from the

anode. In Figure 6.10 it is seen that the sample becomes amorphous with no well defined

reflections. This implies that any crystalinity is lost once the sodium ions are removed

from the structure and the titanium ions are reoxidised. Given that the material does

not return to its pristine state upon discharge implies that there is an irreversible phase

transition that occurs as the material is cycled.

One hypothesis is that the pristine state is a mixture of phases of sodium titanate, but,

as synthesised, these are individually large enough moieties to produce an XRD pattern.

As the material is cycled, the lattice may indeed be returning to its original state, but

the individual phases are spread homogeneously throughout the solid which has the

effect of making the material appear amorphous.

Another possibility is that the sodium ions removed upon discharge can come from

random sites within the lattice. In the pristine material the sodium ions have fixed

positions. When new sodium ions are introduced into the lattice they take different

positions to the original sodium ions. However, upon discharge sodium ions could be

removed from either the original positions or the new positions. If the energy required to

remove the ions were similar to each other then there would be a distribution of ions in

both new and old sites once the discharge was finished. The resulting irregular placement

of sodium ions through the structure would result in a poly-crystalline structure giving

no clear XRD pattern. Upon charge, the sodium ions go back to fully occupying all

possible sites which makes the sample crystalline again but in a different phase (or

mixture of phases) to the pristine state.

Further study into this electrode is required. In situ XRD would be very valuable as the

structural changes this electrode undergoes are large, going from a mixture of crystalline

phases in the pristine state, to oscillating between amorphous and crystalline states, as

the cell is discharged and charged. XPS would also reveal a lot about how many sodium

ion environments there are in each state as well as the distribution of oxidation states

and environments of the titanium ions.
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6.7 Scanning electron microscopy

As with Section 5.8, SEM was used to investigate the surface of the electrodes before

and after cycling.

Pristine Prussian blue cathodes showed rather large, irregularly sized crystals which is

expected given the method of synthesis used (Figure 6.11). After cycling however, the

particles appear to become less well defined with smudged edges rather than the sharper

edges seen in the pristine sample. This could the be formation of an SEI layer or it could

be caused by the stress induced by the ions inserting and de-inserting over the course of

many cycles.
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Figure 6.11: SEM images of a Prussian blue cathode before and after cycling.

The shape of the crystals also suggests why the capacity of the material may be low. In

a perfectly cubic lattice, sodium ions will be able to diffuse through the whole solid and

have access to all available positions. In a more disordered lattice, this diffusion will be

more difficult so not all the material will be electrochemically accessible leading to lower

capacities than expected.
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The sodium titanate electrodes show a similar pattern to those in Section 5.8 where no

real change is noticeable between the charged and discharged state.

Figure 6.12: SEM images of a Sodium titanate anode before and after cycling.
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6.8 Literature comparison

The theoretical capacity of Prussian blue is 218 mAh g-1. This assumes that all seven

iron centres are accessible electrochemically and can be changed between the +2 and +3

state i.e. undergo a one electron reaction. Generally the lower voltage reaction displays

a higher capacity than the higher voltage reaction [149]. The likely reason for this is

due to this reaction being more reversible than the higher voltage process.

In the literature, the observed capacity of Prussian blue is reported to be between

100 and 120 mAh g-1, which is much lower than the theoretical limit [142, 150, 151].

Prussian blue analogues where some of the iron is replaced by another transition metal

such as manganese or cobalt generally show better voltage characteristics as well as

higher capacities.

The cells made in this work do show lower capacities than those in the literature. This

could be for a number of reasons. Firstly, the Prussian blue used in this work was

synthesised using a simple technique. Most Prussian blue in literature is synthesised in

such a way that it is free of any coordinating water or defects, which are known to have

a detrimental effect on the capacity [142, 144]. Nanosynthesis techniques are also often

employed to synthesis Prussian blue with enhanced rate capabilities improved capacity

[152]. Given the importance of crystal size and the lack of defects it is unsurprising that

the rudimentary, aqueous, synthesis method employed to make the Prussian blue would

yield a cell with lower than normal capacities.

As mentioned previously, pre-sodiating the cathode material, i.e. synthesising it in its

reduced form, could also lead to improved capacities from the first cycle rather than the

electrochemical conditioning that was required in the present cells.

Only one cell that uses sodium titanate as an anode and Prussian blue as a cathode has

been reported in the literature. The focus of this study by Mukherjee et al. [11] was

on the anode and therefore the assembled cells were run with the anode as the limiting

electrode compared to the cathode being limiting in the cells described in this work. This

means that comparing capacities is impossible. It is noted that they achieved capacities

of approximately 90 mAhg-1 for Na2Ti3O7 which was higher than than the 50 mAhg-1

recorded for pristine TiO2.
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As part of this research, Mukherjee et al. also tested their cells in both aqueous and

organic electrolytes (Figure 6.13). They note that charging the cells above 0.7 V in

the aqueous electrolyte was impossible due to water splitting on the electrodes. The

cells using the ME electrolyte presented above were able to be charged to 2.4 V. This

again highlights the advantages of the ME system. When using an organic electrolyte,

the voltage characteristics are totally different to what was observed in Figure 6.2.

The organic solvent based batteries show sloped curves and while there are plateaus

somewhat visible, they are not as clear as those shown in Figure 6.2. This could be due

to these cells being constructed with a limiting anode rather than a limiting cathode.

Figure 6.13: GCDC curves for aqueous (a) and organic electrolytes (b). The ca-
pacities for the organic electrolyte are larger than what was recorded with the ME
electrolyte however the voltage characteristics are totally different. Reprinted from “A
study of a novel Na ion battery and its anodic degradation using sodium rich Prussian
blue cathode coupled with different titanium based oxide anodes”, Vol 286, Mukherjee

et al. [11], Pages 276-289, Copyright (2015), with permission from Elsevier

6.9 Conclusion

In summary, a sodium ion battery using an ME electrolyte was developed. The cathode

material selected was Prussian blue, synthesised on site. The anode material was a

commercial sample of sodium titanate.

GCDC and CV experiments confirmed that two separate redox events were occurring

in the assembled cells, which is consistent with the two electron reduction of Prussian

blue reported in literature. The cells achieved a capacity of approximately 40 mAhg-1

and two voltage plateaus at 1.7 V and 1 V. The higher potential peak is well beyond
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the thermodynamic limit for the splitting of water, which is only made possible by the

ME.

XRD analysis gave strong evidence for intercalation at both electrodes as well as a phase

change at the anode. Further analysis of these samples with XPS would help to identify

a mechanism as well as the structure of the materials and how they develop over time.

As with the lithium ion cells, a certain amount of electrochemical conditioning or activa-

tion was required to see both faradaic reactions in the GCDC experiments. Capacities

increased over time with the lower potential reaction only being observed after 100

cycles.

More study is needed to see how these electrodes develop structurally over time as the

cell operates. Also further optimisation of the ME composition and electrode materials

is needed to increase the performance of the cells.



Chapter 7

Other Ion Batteries

7.1 Introduction

With ME electrolytes demonstrated in lithium and sodium ion batteries, attention

turned to other ion batteries. This was not only to strengthen the intellectual prop-

erty position of the research, but also to see if MEs could be applied beyond the two

most successful ion battery chemsitries. In particular, potassium, magnesium, calcium

and zinc ion batteries were investigated.

7.2 Overview

There is comparatively less literature on these batteries for a variety of reasons. Potas-

sium ions are much heavier and larger than both and lithium and sodium ions while still

being monovalent. This means that the choice of potassium as the active ion automati-

cally means a lower theoretical specific and volumetric energy density of the cell.

However, potassium ion batteries have been shown to have a greatly improved cycle life

over their sodium ion counterparts [153, 154]. This means that over their lifetime the

levelised cost of electricity (LCOE) may actually be lower for potassium systems than

sodium or lithium. Having similar chemistry to sodium and lithium ions means there is

also a raft of available electrode materials. Anodes are primarily based on hard carbons

or graphite with Prussian blue analogues making up the majority of cathode materials.

141
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Because potassium chemistry is so similar to lithium and sodium, the same electrolytes,

organic carbonates with PF6
- or ClO4

- counterions for the salt, can be used for potassium

ion batteries as well.

Aqueous potassium ion batteries have been recently demonstrated. Most of the work

reports half cell results with the major focus on Prussian blue analogues as cathodes

[155]. The lack of available anode materials led Liu et al. to investigate sodium titanium

phosphate [156]. They discovered that this electrode uses a dual ion mechanism where

both potassium and sodium ions intercalate into (and deintercalate from) this electrode

during operation. Combined with a Prussian blue analogue cathode this cell was able

to achieve a capacity of 160 mAh g-1 at a voltage of 1.4 V.

Magnesium and calcium ion batteries present an entirely different set of problems. At

a first look, both seem like obvious choices for battery ions. Being divalent means that

2 electrons can be transferred per ion. This means the theoretical capacity of these

systems is approximately twice that of its group one neighbour, e.g. Na theoretical

capacity is 1165 mAh g-1, Mg theoretical capacity is 2205 mAh g-1.

However, their divalent nature presents a large problem in terms of their solid state

diffusion. Magnesium ions are smaller than lithium ions yet bear twice the amount

of charge. This means the charge density of a magnesium ion is very high which will

hinder its ability to move through a solid reversibly due to the strong electrostatic

interactions with the host lattice. As a result very few viable cathode materials have

been discovered for magnesium ion batteries. The Cheverel phase Mo6S8 was the first

material discovered that enabled reversible Mg ion insertion [157] and is still one of

the best performing cathodes in literature with a specific capacity of approximately 70

mAhg-1 and an insertion potential only 1.1 V above Mg/Mg2+.

Magnesium in particular also has problems in regards to anodes. Magnesium insertion

into graphite or other carbons is negligible [12] and so one of the only viable anodes

is the parent metal. However, most electrolytes spontaneously decompose on the Mg

metal surface to create a passivating SEI layer [158]. This occurs in lithium systems as

well, however, the lower charge density lithium ions are able to pass through the SEI

whereas magnesium ions are not. Conversion anodes such as tin and bismuth have also

been demonstrated, however these have shown limited success [159, 160].
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The electrolyte of magnesium ion batteries are also very constrained because of the

reactivity of the magnesium metal mentioned previously. Typically they are based on

ethers such as THF and glymes. Aqueous magnesium ion batteries have been produced in

literature, however many of these only show half cell results given the lack of compatible

redox couples [161, 162]. Some full cell examples do exist such as the one presented by

Wang et al. [163]. This cell used an organic anode and a vanadium phosphate cathode.

The full cell was only able to achieve a capacity of 50 mAhg-1 and an average voltage of

1 V.

Calcium ions do not suffer from the extreme charge density of magnesium ions but still

retain the possibility for multiple electrons transferred per atom. Calcium ion batteries

are one of the least studied systems because at first glance, the increased mass and

volume of the ion rules it out from being competitive with the other ions. Calcium

deposition and stripping in traditional carbonate electrolytes was only observed in 2016

[164]. This is typically paired with Prussian blue analogues for cathodes [165].

Very few examples of aqueous calcium ion batteries exist, even less so in a full cell

configuration. Both Adil et al. [166] and Cang et al.[167] used organic based anodes

in their full cell demonstrations. Adil et al. paired this with a copper based Prussian

blue analogue as the cathode whereas Cang et al. used a Ca2MnO4 cathode. Both

cells prodcued capacities close to 140 mAhg-1 but showed low voltage, only recording an

average of 0.4 V and 0.2 V respectively.

Aqueous zinc ion batteries are one of the more developed aqueous ion batteries due to the

relatively high standard reduction potential of zinc (-0.76 V vs. the standard hydrogen

electrode). This means that deposition and stripping of zinc is possible in aqueous

solutions. In basic conditions, this reduction potential is reduced to approximately -1.2

V vs the standard hydrogen electrode. Manganese oxides, Prussian blue analogues and

vanadium phosphates are all viable cathode materials and can achieve voltages from 1.2

V up to 1.7 V [168] in a full cell configuration.

Therefore, zinc ion batteries have the least to gain from an ME based electrolyte. Us-

ing the parent metal as an anode is always the best option as they have the highest

gravimetric and volumetric capacities possible for a given ion as there are no ‘wasted’

atoms in the structure. If a higher voltage electrode couple could be found to exploit the
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microemulsion, it would likely compete with Zn deposition which, if deposited, would

break the EEI and provide a surface to split water.

Trials were still attempted to see whether any zinc deposition was observed in the cell

at all and if the cells behaved significantly differently to the other ions tested in this

chapter.

7.3 Cell assembly

For all cells in this chapter, the cathode material was the same Prussian blue electrode

used in the sodium ion batteries in Chapter 6. As seen in Section 7.2, Prussian blue

analogues make up the most of the cathode materials in literature because they are well

characterised and easily synthesised.

For an anode material, the titanium dioxide used in the lithium ion batteries in Chapter

5 was used. The sodium titanate anodes from Chapter 6 were considered, however it

would be hard to claim that the resulting cell was a true single ion battery. It is possible

the sodium ions already in the anode could drive the anode reactions with the other ion

driving the cathode reactions. Dual ion batteries are an important area of research and

show great promise, however they are beyond the scope of this research. The aim of

this research is to prove that ME electrolytes can be useful beyond the two most well

studied battery chemistries.

The electrolyte used was the same for as in Chapters 5 and 6, except the salt in question

was replaced with 1 m of the chloride salt of the given ion.

7.4 Results: Potassium and calcium ion batteries

Both potassium and calcium ion batteries showed remarkably similar voltage curves to

the sodium ion batteries in Chapter 6. These were both able to run for 1000 cycles and

the results are presented in Figure 7.1.

First, the capacities of these cells are much lower than what was observed for the sodium

ion batteries. This is likely due to the size (in the case of potassium) or charge density

(in the case of calcium) making it harder for them to move through the solid.
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Figure 7.1: GCDC curves of a potassium and calcium ion battery constructed as
outlined previously. Over these cycles the voltage maximum was 2 V and a current

rate of 50 mA g-1 was used.

Second, the potential of the reactions observed evolve in a similar way. Over the first few

cycles only the high potential reaction is visible at ca. 1.7 V and then the lower potential

reaction at ca. 1 V develops in later cycles. This second reaction develops much more

quickly for the potassium ion battery compared to the calcium ion battery. However the

high potential reaction fades much more quickly for the potassium ion battery, being

mostly gone by cycle 250 whereas it is evident in the calcium ion system until cycle 500.

As with the sodium ion batteries, these are the highest voltage aqueous batteries ever

observed for these ions.

The similarity of these curves to the sodium ion battery curves is not surprising. The

underlying redox reactions that are occurring are the same in all cases, the Fe2+/Fe3+

couple of the Prussian blue and the Ti3+/Ti4+ couple of the TiO2.

The lower capacity is most likely attributable to the same problem encountered with

the lithium ion batteries. In the assembled configuration, the anode is in the discharged

state but the cathode is in the charged state. This could have been avoided by using

sodium titanate as the anode but as mentioned previously it would be difficult to to
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the categorically claim these as potassium or calcium ion batteries. This is definitely an

avenue for further research.

The cyclic voltammograms of these two cells are also remarkably similar to each other

and to the sodium ion battery CV. These experiments were done after the cells had been

cycled 100 times at the maximum voltage and a rate of 50 mA g-1. The scan rate used

was 10 mV s-1 with an upper voltage cut-off of 2.4 V. It is possible that at slower scan

speeds that the individual peaks would be distinguishable as they are in Figure 6.6.
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Figure 7.2: Cyclic voltammograms of Ca and K ion batteries after 100 cycles had
been completed. The scan rate was 10 mV s-1. Both look very similar to each other
though an extra oxidative peak is visible at 1.2 V for the potassium ion battery and a

lower potential peak being visible in the calcium ion battery.
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Some differences in the CV are visible (highlighted in orange in Figure 7.2). These are

only minor variations which may not show up in the GCDC curves. Further investiagtion

is required as to why these two are so similar in terms of performance.

7.5 Results: Zinc and Magnesium ion batteries

While the potassium ion and calcium ion batteries behave in a similar way to each other

and to sodium, both zinc and magnesium behave very differently to each other. These

ions should have very similar properties given their size is almost identical (145 pm for

Mg and 142 pm for Zn) identical charge. Not much work has been done on comparing

these two in batteries because most zinc ion batteries use aqueous electrolytes and almost

all magnesium ion batteries use organic electrolytes. This makes substituting one for

the other in a system quite difficult.

In this instance, despite the system being essentially identical, the performance of these

two ion was very different, with the zinc ion battery performing much better than the

magnesium counterpart.
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Figure 7.3: GCDC curves of a zinc ion battery constructed as outlined previously.
Over these cycles the voltage maximum was 2.2 V and a current rate of 50 mA g-1 was

used.

The calcium and magnesium batteries were only charged to 2 V, which still allowed

for both redox reactions of the Prussian blue to be observed. However only one redox

reaction was observed in the zinc ion battery when the cell was charged to 2 V and

cycled 100 times. When the cell was charged to 2.2 V a large increase in capacity was

observed and a second redox reaction became visible at a lower potential.

In the sodium ion battereis in Chapter 6 and the potassium ion and calcium ion batteries

presented in Figure 7.1, the higher potential reaction was observed at 1.7 V where as the

higher potential reaction for this zinc ion battery is at 1.85 V (taken as the midpoint of

the plateau). The reaction at lower potential appears to be at the same potential as in

previous cells, though since this reaction is not very prominent in Figure 7.3, this may

not be an accurate conclcusion.

This shift to higher potentials could be a result of the higher charge density of the

zinc ion. When intercalated into the Prussian blue structure, the higher charge density

could be polarising the electronic environment of the iron centres such that the energy
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of the orbitals changes, altering the potential of the redox reactions. This could also be

to changes at the anode where the intercalation of the higher charge density zinc ion

requiring an increased voltage in order to force the ions into the structure and get them

to migrate through the solid.

CV experiments were also performed to see the differences between this cell and the

previous ones the results of which are presented in Figure 7.4. This CV looks has a large

reduction peak at 1.75 V with a corresponding oxidation peak at 2.25 V. Taking the

mid-point of these peaks as the formal potential of the reaction, a plateau in the GCDC

would be expected at approximately 2 V which is close to what was observed in Figure

7.3. A lower potential reaction is less prominent but still visible (circled).

Figure 7.4: Cyclic voltammograms of a zinc ion battery after 100 cycles had been
completed. The scan rate was 10 mV s-1.

When the upper cut-off for these cells was raised to 2.4 V, ‘infinite charging’ behaviour

was observed which indicated irreversible side reactions occurring. The curves were

relatively flat and so these side reactions are probably not gas evolution from solvent

decomposition.
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The results of the magnesium ion batteries are presented in Figure 7.5. With the voltage

cut-off set to 2 V, a high potential reaction at approximately 1.7 V decayed rapidly over

the first 50 cycles. A low potential reaction at 0.5 V grew in over these first 50 cycles

which is at a completely different potential to all other cells that used the electrode

configuration.

Figure 7.5: GCDC curves of a magneisum ion battery constructed as outlined previ-
ously. Over these cycles a current rate of 50 mA g-1 was used.

The capacity of these magnesium ion cells is also much lower than the other ion batteries,

only reaching 11 mAh g-1 at this voltage cut off. What is also noticeable about these cells

is that the coulombic efficiency of them is much lower than all the other ion batteries

presented thus far in this chapter. The other cells all have coulombic efficiencies of 90%

or higher whereas these magnesium ion batteries have a coulombic efficiency of only 65%.

There is still no evidence of solvent splitting in these cells, so the degree of side reactions

occurring in magnesium ion batteries must be much higher. The only difference between

these cells is the salt that is being used. Why magnesium chloride would lead to a much

greater amount of side reactions at a lower voltage than zinc chloride is unclear.

When the upper voltage cut off was raised to 2.2 V (after 100 cycles at 2 V) the high

potential reaction reappears slightly, and the capacity increases to 15 mAh g-1. Once

the upper cutoff is raised again to 2.4 V, the lower potential reaction moves to a much

higher potential, approximately 1.25 V. Such a shift in the potential of the reactions was

also observed in the lithium ion batteries in Chapter 5 though the cause is still unclear.

The CVs of this cell are also unique compared to all the batteries tested so far as seen in

Figure 7.6. There is a large, broad peak from 0 V to approximately 1.5 V. What is also

noticeable is that there is a large spike in current density above 2 V in this CV which
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is not observed in any of the other ion battery CVs. This is most likely the irreversible

side reactions that lead to the low coulombic efficiency of these cells.

Figure 7.6: Cyclic voltammograms of a magnesium ion battery after 100 cycles had
been completed. The scan rate was 10 mV s-1.

For literature comparison, it is still rare to see fully functional magnesium ion batteries

in literature, with most reports focusing on half cells using organic electrolytes. Zinc ion

batteries are much more common though seeing functioning aqueous battery without a

zinc metal anode is rare. This makes comparing these results difficult. Zinc ion batteries

in literature regularly reach over 100 mAh g-1 though the voltage is often low at around

0.8 to 1.2 V [12, 169–171].

7.6 Conclusion

In this chapter, potassium, calcium, zinc and magnesium ion batteries were all briefly

investigated in order to strengthen the IP position of the ME electrolytes and to in-

vestigate whether or not MEs could be used in more diverse settings beyond the most
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well understood battery systems. These experiments were successful, generating bat-

teries based on all the ions tested though much more investigation is required to fully

understand the mechanisms underpinning all of these cells.



Chapter 8

Summary and Outlook

8.1 Summary

In this thesis, microemulsion electrolytes were used for the first time in electrical en-

ergy storage devices. Custom glassy carbon based current collectors (Chapter 3) were

constructed that allowed for Swagelock-type cells to be produced. With these cells,

supercapacitors, lithium ion, sodium ion, potassium ion, calcium ion, zinc ion and mag-

nesium ion batteries were all assembled with microemulsion electrolytes.

• Supercapacitors were constructed with an SDS based ME and were able to achieve

2.7 V on activated carbon electrodes. This is a record for aqueous electrolytes.

The ME based supercapacitors showed similar capacitance values to cells assem-

bled that used typical quarternary ammonium salts in acetonitrile as an electrolyte.

While the rate capability of the ME based cells was lower than comparable ace-

tonitrile supercapacitors, the ageing characteristics were similar suggesting a good

stability of the ME electrolyte under these conditions.

• Lithium ion batteries were constructed using a Triton X-100 based ME. The use

of a phase transfer catalyst in the form of diglyme was crucial in allowing the

metal ions to pass through the EEI and enter the electrodes. One of the highest

capacities ever observed for an aqueous lithium ion battery of 130 mAhg-1 was

recorded using a TiO2 anode and a V2O5 cathode. XRD results showed evidence

of intercalation at the cathode but liitle to no change was observed in the anode

154
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material using this method. Based on literature comparisons, this does not rule

out lithium intercalation into the anode and further investigation is required to

elucidate this.

• Sodium ion batteries were constructed using the same Triton X-100 ME with the

additon of diglyme. With a Prussian blue cathode and a sodium titanate anode,

the assembled cells achieved a record voltage of 1.7 V for the higher potential

plateau seen in GCDC experiments. XRD experiments showed good agreement

with intercalation at both electrodes.

• Potassium ion, calcium ion, zinc ion and magnesium ion batteries were assembled

using Prussian blue cathodes and TiO2 anodes. Despite the similarity in the

systems the performance of these cells were markedly different to one another.

The potassium and calcium ion batteries were similar in both CVs and GCDC

experiments where as the zinc and magnesium cells were distinct from each other

in both experiments.

8.2 Future outlook

Energy storage technology is advancing rapidly to try and cope with the global transition

away from fossil fuels. A key part of this development is improving the sustainability

and lowering the cost of the current energy storage and transportation technologies to

ensure that there is equitable access to energy globally.

The use of aqueous electrolytes in ion batteries and supercapacitors would be step in the

right direction due to a lower cost of materials and processing. However, water-based

devices historically suffer from low energy densities due to the small electrochemical

window of water. Microemulsions can be mostly water and yet have a much larger

electrochemical window, sometimes as much as 5 V, compared to the 1.23 V window of

water. Therefore, microemulsions have a huge potential as electrolytes for batteries and

supercapacitors.

It is postulated that the ME electrolytes work by creating an oil rich layer on the

electrode surface which prevents water from reaching the electrode and being split into

hydrogen and oxygen gasses. Further investigation is required into this EEI in terms
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of not only its structure but how it evolves over time and changes as the devices are

operating. For example, supercapacitors usually rely on the formation of a double layer

at the electrode surface. How an ME based supercapacitor can still achieve a similar

capacitance to an acetonitrile based supercapacitor (that lacks an EEI) requires more

study. Solving this problem will likely involve electrochemical modelling combined with

more in-depth EIS studies to not only determine the mechanism of double layer formation

but figure out how to improve the performance of the supercapacitors that use and

ME electrolyte. Further, only one ME and one electrode material has been tested in

these supercapacitors, refining the composition and electrode materials is going to be

important in the future.

Ion batteries are much more mechanistically complicated than supercapacitors, and so

there are even more unanswered questions about the results presented in this thesis.

First, while XRD analysis is a good indication of intercalation process occurring at

the electrodes, XPS is a standard literature technique as it can identify which species

are in the electrode, including the intercalating ion and confirming the oxidation states

of the transition metal centres which can help to establish the mechanism of the cell.

Beyond this, as with the supercapacitors, only one ME has been tested and only one

pair of electrode materials for each ion. Much more work is needed, both at the cell and

individual electrode level, to determine how to improve the cell across all metrics. As

mentioned previously, the entire library of electrode materials for lithium ion batteries

has been developed around the constraints of the electrochemical window of the solvents

(and the SEIs that they create over time) on the electrodes. Moving to an electrolyte

system with a window that is equally wide (if not wider) but in a different location

(relative to the standard hydrogen electrode), means that a lot of this library is invalid

e.g. graphite as an anode for lithium ion batteries. Much more research is required to

find a set of electrode materials compatible with the ME electrolyte that exploit the

window to the fullest.

Microemulsions show great promise as an electrolyte, being cheap and sustainable as

well as more environmentally friendly. While there is no doubt a long way to go before

they can be fully implemented in a commercial technology, microemulsions have the

potential to disrupt and advance the electrical energy storage market.

































































































































Appendix A

Figure A.1: Reference pattern used for the graphite foil present in all XRD samples.
The relative reflectionintensities differ from the pattern due to the foil being made of
highly oriented pyrolytic graphite which will emphasise some of the reflections more

than others.
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[4] Patrick Novinsky, S. Glöser, A. Kühn, and R. Walz. Modeling the Feedback of Bat-

tery Raw Material Shortages on the Technological Development of Lithium-Ion-

Batteries and the Diffusion of Alternative Automotive Drives, 2014. URL /paper/

Modeling-the-Feedback-of-Battery-Raw-Material-on-of-Novinsky-Gl%

C3%B6ser/f417f59ce4f92c2f91a01af1a1a74812609b3566.

[5] Aoife M. O’Mahony, Debbie S. Silvester, Leigh Aldous, Christopher Hardacre,

and Richard G. Compton. Effect of Water on the Electrochemical Window

and Potential Limits of Room-Temperature Ionic Liquids. Journal of Chem-

ical & Engineering Data, 53(12):2884–2891, December 2008. ISSN 0021-9568.

doi: 10.1021/je800678e. URL https://doi.org/10.1021/je800678e. Publisher:

American Chemical Society.

221

http://www.sciencedirect.com/science/article/pii/S1002007116303240
http://www.sciencedirect.com/science/article/pii/S1002007116303240
https://doi.org/10.1007/s10853-015-9121-y
https://www.hindawi.com/journals/jnm/2016/1537269/
https://www.hindawi.com/journals/jnm/2016/1537269/
/paper/Modeling-the-Feedback-of-Battery-Raw-Material-on-of-Novinsky-Gl%C3%B6ser/f417f59ce4f92c2f91a01af1a1a74812609b3566
/paper/Modeling-the-Feedback-of-Battery-Raw-Material-on-of-Novinsky-Gl%C3%B6ser/f417f59ce4f92c2f91a01af1a1a74812609b3566
/paper/Modeling-the-Feedback-of-Battery-Raw-Material-on-of-Novinsky-Gl%C3%B6ser/f417f59ce4f92c2f91a01af1a1a74812609b3566
https://doi.org/10.1021/je800678e


Bibliography 222

[6] Maaike C. Kroon, Wim Buijs, Cor J. Peters, and Geert-Jan Witkamp. Decompo-

sition of ionic liquids in electrochemical processing. Green Chemistry, 8(3):241–

245, 2006. doi: 10.1039/B512724F. URL https://pubs.rsc.org/en/content/

articlelanding/2006/gc/b512724f. Publisher: Royal Society of Chemistry.

[7] Liumin Suo, Oleg Borodin, Tao Gao, Marco Olguin, Janet Ho, Xiulin Fan, Chao

Luo, Chunsheng Wang, and Kang Xu. “Water-in-salt” electrolyte enables high-

voltage aqueous lithium-ion chemistries. Science, 350(6263):938–943, Novem-

ber 2015. ISSN 0036-8075, 1095-9203. doi: 10.1126/science.aab1595. URL

https://science.sciencemag.org/content/350/6263/938. Publisher: Amer-

ican Association for the Advancement of Science Section: Research Article.

[8] Masashi Kunitake, Eisuke Kuraya, Dai Kato, Osamu Niwa, and Taisei Nishimi.

Electrochemistry in bicontinuous microemulsions based on control of dynamic

solution structures on electrode surfaces. Current Opinion in Colloid & In-

terface Science, 25:13–26, October 2016. ISSN 1359-0294. doi: 10.1016/

j.cocis.2016.05.004. URL http://www.sciencedirect.com/science/article/

pii/S1359029416300516.

[9] Bing-Ang Mei, Obaidallah Munteshari, Jonathan Lau, Bruce Dunn, and Laurent

Pilon. Physical Interpretations of Nyquist Plots for EDLC Electrodes and De-

vices. The Journal of Physical Chemistry C, 122(1):194–206, January 2018. ISSN

1932-7447. doi: 10.1021/acs.jpcc.7b10582. URL https://doi.org/10.1021/acs.

jpcc.7b10582. Publisher: American Chemical Society.

[10] Xiaowei Zhou, Xu Chen, Qinsong Bi, Xiaobin Luo, Li Sun, and Zhu Liu. A

scalable strategy to synthesize TiO2-V2O5 nanorods as high performance cath-

ode for lithium ion batteries from VOx quasi-aerogel and tetrabutyl titanate.

Ceramics International, 43(15):12689–12697, October 2017. ISSN 0272-8842.

doi: 10.1016/j.ceramint.2017.06.152. URL http://www.sciencedirect.com/

science/article/pii/S0272884217313688.

[11] Santanu Mukherjee, Alex Bates, Nicholas Schuppert, Byungrak Son, Joo Gon Kim,

Jae Sung Choi, Moon Jong Choi, Dong-Ha Lee, Osung Kwon, Jacek Jasinski,

and Sam Park. A study of a novel Na ion battery and its anodic degradation

using sodium rich prussian blue cathode coupled with different titanium based

https://pubs.rsc.org/en/content/articlelanding/2006/gc/b512724f
https://pubs.rsc.org/en/content/articlelanding/2006/gc/b512724f
https://science.sciencemag.org/content/350/6263/938
http://www.sciencedirect.com/science/article/pii/S1359029416300516
http://www.sciencedirect.com/science/article/pii/S1359029416300516
https://doi.org/10.1021/acs.jpcc.7b10582
https://doi.org/10.1021/acs.jpcc.7b10582
http://www.sciencedirect.com/science/article/pii/S0272884217313688
http://www.sciencedirect.com/science/article/pii/S0272884217313688


Bibliography 223

oxide anodes. Journal of Power Sources, 286:276–289, July 2015. ISSN 0378-

7753. doi: 10.1016/j.jpowsour.2015.03.167. URL http://www.sciencedirect.

com/science/article/pii/S0378775315006011.

[12] R. Borah, F. R. Hughson, J. Johnston, and T. Nann. On battery materials and

methods. Materials Today Advances, 6:100046, June 2020. ISSN 2590-0498. doi:

10.1016/j.mtadv.2019.100046. URL http://www.sciencedirect.com/science/

article/pii/S2590049819301201.
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