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Abstract 
To increase the viability of renewable energy technology, improvements must be made to 

existing energy storage devices. One such device is the supercapacitor, which is able to store 

energy like a battery, but with faster charge-discharge times and increased cyclability. The two 

main factors limiting the widespread use of supercapacitor technology are the high component 

cost and high rate of self-discharge. In this project, both of these aspects were addressed, and a 

supercapacitor was successfully constructed using a carbon black slurry containing zeolitic 

structures with a pore size of 4 Å to accommodate the electrolyte ions of potassium and chloride. 

Low-cost materials and production methods were used to create a supercapacitor with a 

measured capacitance of 17.25 F g-1 and a coulombic efficiency of 100% determined by 

galvanostatic charge-discharge curve measurements. 
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1. Introduction 

Humanity’s incredible progress as a species has been largely due to our ability to harness and 

manipulate energy. Where fire once let us cook meat and mould metals, electricity now powers 

our homes and, increasingly, our lives. We have learnt to transform energy into numerous 

sources for use in transport, entertainment, hygiene, and scientific development, as well as many 

others, to improve our overall quality of life. But along with extensive benefits, one of the largest 

sources of energy in constant use, fossil fuels, negatively impacts our planet and our health. 

Fossil fuel is a broad label used in everyday life and refers to any hydrocarbon-based product 

formed from decayed organic matter through geological processes. While this technically makes 

fossil fuels a renewable resource, the organic matter is transformed into usable hydrocarbons on 

the order of millions of years, which means that the rate of fossil fuel formation is negligible in 

comparison with our rate of use. [1] Along with the fact that fossil fuel deposits will one day run 

out, their use today results in the production of carbon dioxide as a byproduct. This carbon 

dioxide is free to enter the atmosphere where it works as a greenhouse gas; trapping heat by 

absorbing and then reemitting infrared wavelengths of light back towards Earth. [2] Due to our 

global scale of fossil fuel use, carbon dioxide levels have been increasing drastically, now 

measuring over 400 ppm despite consistently being below 290 ppm for the past 1000 years (prior 

to 1880) and are a significant contribution towards global warming and the changing of our 

climate. [3] [4] This has led to a movement to find a replacement energy source for fossil fuels; one 

with a much-reduced carbon dioxide output, and from a source that will not be exhausted during 

human existence, which can be termed ‘renewable’.  

1.1 Alternatives to fossil fuel 

Solar 

The greatest source of nearby energy is the sun. Almost all life on Earth relies on its energy to 

survive, especially the lowest food chain organisms, plants. Plants convert light energy into 

chemical energy via photosynthesis, and we have used this natural idea to develop synthetic solar 

cells of our own, reaching conversion efficiencies of over 40% [5] compared to a maximum of 

about 8% photosynthetic efficiency, found in sugarcane. [6][7] 
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Solar panels are a collection of solar cells and can be positioned anywhere to transform sunlight 

into electricity. This has allowed them to be placed on rooftops to power the house below, 

without the need to transport energy. However, geographic areas with higher sunlight intensity 

will have a higher power output for the same area covered by solar panels, and so solar panels 

are often grouped in solar farms, far from housing locations, for greater power production at the 

expense of needing to transport the energy to cities where it will be used. This transportation 

can be through overhead cables or shipped in bulk energy storage forms such as hydrocarbons, 

however both options permit losses in efficiency. [8] Regardless of site location, any earthbound 

position will inevitably go through some amount of time where sunlight does not reach the panels 

and will result in a power output of zero during this time. This is unacceptable for a reliable source 

of energy, and so further systems must be implemented alongside this technology for a complete 

solution, namely energy storage devices, as will be discussed later. 

Nuclear 

Replication of solar processes would bring the immense energy output of a star to Earth. The 

process involved is nuclear fusion, but this has not been synthetically sustained for much more 

than a minute on Earth, [9] and so current nuclear power plants generate electricity using fission 

instead. Fusion reactions involve the combination of light atoms, while fission relies on the 

splitting of heavy atoms. Both processes release energy, depending on the atoms used; that is, 

fusion releases energy for atoms lighter than nickel-62, while fission releases energy for atoms 

heavier than nickel-62. [10] [11] Since we have yet to attain fusion capabilities, we are restricted to 

the use of heavy atoms for fission, such as uranium and plutonium, both of which decay into 

radioactive waste products which must be carefully disposed of to avoid cellular damage to living 

creatures. Nuclear materials have also been used to intentionally harm and kill humans, through 

the creation of atomic weapons, and this has left a mark on public perception regarding its safety 

and use – despite it being a continuous and efficient source of energy – leading to some 

resistance in widespread nuclear power plant facilities.  

Hydro 

One of the oldest sources of renewable energy, hydropower, has also faced public negativity due 

to the installation of its facilities. In fact, 35 times as many people have died per kilowatt hour of 



 

9 
 

hydroelectricity production than from nuclear production. [12] This is mostly a result of structural 

failure in the dam, which releases large volumes of water with high gravitational potential energy 

downstream and, potentially, through inhabited areas. Due to the large volume of elevated water 

needed for power generation, hydroelectric stations also require specific geographical features, 

which restricts the locations available for building such a station. However, once they have been 

built, hydroelectric stations have notably low running costs and require low maintenance, as well 

as producing minimal amounts of carbon dioxide while in operation. [13] 

Wind 

Humans have harnessed the power of the wind for thousands of years, with sails to propel boats 

and mills to grind grains. These mills have been refined into turbines and convert the kinetic 

energy of the wind into electricity through induction, by rotating magnets inside a generator. 

Faster wind speeds generate more power, and so optimal locations are those where wind speeds 

are generally higher. This is often around coastal areas, or very flat plains, and means that the 

produced electricity must be transported into cities for use, which, like solar farms, requires 

energy storage devices. Even if wind turbines were situated beside a city, wind supply is non-

continuous, with potentially large daily variations in speed and only a rough seasonal cycle of 

intensity. [14] However, wind has minimal carbon dioxide output and is a cost-effective means of 

producing electricity, making it an interesting and leading choice for power production. 

1.2 Energy supply versus energy demand 
Wind as a renewable energy source suffers from the same problems as solar: intermittence and 

accessibility. This means that a complete energy grid would be unable to rely on either 

technology to supply constant power to a population when they demand it, despite both being 

clear options for a replacement of fossil fuels. Sunlight intensity is greatest during the middle of 

the day, while human energy consumption peaks at dusk. [15] [16] This is somewhat balanced out 

by wind which typically peaks in the afternoon, as shown in fig. 1, but even with a tandem supply 

of solar and wind technology, the risk of zero power output is unreasonable for a functioning grid 

and a reliant population. 
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Figure 1: Plots showing relative energy production by a solar farm (top left) and a wind turbine (top 

right) [15] compared to energy demand (bottom) over a 24-hour period. [16] 

During times where power production is greater than power consumption, any excess energy will 

be unused and lost. This seems doubly wasteful when it is clear that there will be other times 

when power consumption is greater than power production, because it is not that the system is 

incapable of producing enough energy to meet demands throughout the day, but that there is a 

timing mismatch between energy supply and demand. This mismatch can be compensated for 

via the implementation of energy storage devices. 

1.3 Need for energy storage 
If electricity is being produced through the harnessing of solar or wind energy while there is no 

demand for its use, it is much more efficient to store this electricity until it is needed. To do this, 

we need a technology capable of transforming this energy into a retainable form for extended 

amounts of time, while also being able to reversibly release this energy when needed. 
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Hydroelectric dams can actually be considered energy storage devices, with energy being stored 

in the elevated water as gravitational potential energy. Other mechanical means of energy 

storage include flywheels [17] and compressed air storage, [18] but this thesis will focus on 

electrochemical means of storage, namely supercapacitors, [19] with a mention of batteries. [20]  

Several battery types, along with supercapacitors and combustion engines are shown in fig. 2 as 

a Ragone plot. This demonstrates how efficient a device can provide power and energy per 

weight of the device. Any device that has a high power density can supply a large amount of 

energy for a short amount of time, while a high energy density means that energy can be supplied 

for a greater duration of time. There is a general linear trend of decreasing power density with 

increasing energy density, with the exception of the internal combustion engine (this is because 

the engine weight is not considered, only that of the fuel). [21] The choice of which energy storage 

device to use is largely influenced on the intended application and so this has been a driving force 

in the research of particular technologies. With the miniaturisation of personal electronics, less 

room is available for the onboard energy storage devices, but due to the relatively high energy 

density of batteries, lithium-ion batteries have emerged as a leading technology for this 

application [22] [23] and allowed for the uninterrupted use of cell phones and laptops throughout 

the day because of the low power usage of these devices. Larger scale applications often require 

more power at any one time than can be provided by general battery technology. 

 

Figure 2. Ragone plot displaying a number of energy storage technologies. Typical discharge values are 

given on the dotted diagonal line. [21] 
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This lack of available high-power devices is most noticeable in the transport sector. Vehicles 

require constant energy to move around, meaning an intermittent energy source like wind would 

not be able to provide the necessary energy supply continuously. As a result, vehicles are one of 

the last aspects of our lives to become electrified and, until recently, have completely relied on 

fossil fuels to meet the large energy demand in the form of a portable fuel. Electric vehicles are 

becoming more common, however, as public awareness of climate change increases and 

lifestyles shift towards greener options. In New Zealand, the number of electric vehicles has 

increased over 200% every year since 2014, with the exception of 2016 (188.18%), and is 

estimated to be as high as 1,014,641 in 2030, compared with 5,919 in 2018. [24] To help facilitate 

this transition from a fossil-fuelled fleet to an electric fleet of vehicles, energy storage devices 

must exhibit comparable metrics with current fossil fuels and as such, batteries have been 

investigated as the primary potential replacement so far for personal vehicles. 

For public transportation, overhead wires can provide electricity and remove the need for an 

onboard fuel, as implemented in tramlines, but in the public space they can be seen as unsightly 

and potentially disruptive to historic locations. Since inner-city public transport makes frequent 

stops for passengers, an energy system that could be charged up in a short time at these stop 

points and provide enough energy to get to the next stop point would completely eliminate the 

need for overhead wires and fossil fuels. This short charge time would be a perfect application of 

supercapacitor technology, as opposed to battery technology, as highlighted from fig. 2, which 

shows the bulk of supercapacitors having a charge/discharge time between 0.36 and 36 seconds. 

Specific aspects of both batteries and supercapacitors will be discussed to explore each 

technology, with a focus on supercapacitors. 

1.4 Batteries 
The most widespread battery design today is the lithium-ion (Li-ion) battery. [23] Lithium is the 

third lightest element and has an ionic state with a charge of +1. This makes it an excellent 

candidate for an ion battery, as the reaction from lithium metal (Li) to lithium ion (Li+) yields one 

electron and vice versa, meaning that an energy supply can be used to convert Li+ to Li, storing 

one electron per atom of lithium. When energy is needed, the reverse reaction releases an 

electron which can be used as electric current to power electrical devices. 
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Li-ion batteries have seen implementation alongside portable electronic devices due to their high 

energy density, allowing for a battery that can provide moderate amounts of power throughout 

the entire day without adding excessive weight to the device. 

Lithium-ion batteries have a high energy density due to the use of lithium metal as the positive 

electrode (anode), which is the most space-efficient way to pack lithium atoms. Unfortunately, 

many common lithium salts have a higher reduction potential than the anode, so other species 

are formed on the electrode surface during charging which forms a film known as the surface-

electrolyte interface (SEI). [25] [26] This layer is insulating to electrons and so it’s formation is 

detrimental to battery capacity and lifetime. Other anode materials have been considered [27] 

such as silicon- and carbon-based materials, but these store lithium via an intercalation 

mechanism (For example, C6 + LiCoO2             LixC6 + Li1-xCoO2) rather than metallic packing, and 

therefore lower the maximum energy density. [28] [29]  

A number of materials have also been investigated for use as the negative electrode (cathode) in 

Li-ion batteries. [30] These are mostly lithium compounds, with the most common material being 

LiCoO2, [31] [32] which is made up of cobalt, an expensive metal that adds significantly to the total 

cost of a Li-ion battery. As well as in the electrolyte, lithium is extensively used in cathode 

materials and similarly has a high price due to it’s low abundance. [33] [34] The use of expensive 

metals in the construction of Li-ion batteries slows their commercialisation and use, but they 

have become the standard battery of choice despite this, due to their high-performance metrics 

and lack of viable competition.  

Other ion battery designs have been developed. Some of these include sodium, [35] magnesium, 

[36] and aluminium, [37] [38] all elements located around lithium on the periodic table. These 

technologies address some of the issues mentioned above, but researchers are still working 

towards energy density values competitive with those of lithium-ion batteries. In contrast to this, 

other technology devices, such as supercapacitors, have a different design to batteries and so 

function and perform in different ways. 

It is worth noting here that batteries and supercapacitors are two distinct and useful designs for 

energy storage devices; the difference is namely in the charge/discharge duration. That is, for 
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applications longer than an hour, batteries are favourable, while supercapacitors perform best in 

short bursts, typically less than a few minutes. There is some crossover for charge/discharge 

times in between these values, which can be seen from the diagonal discharge lines in fig. 2, but 

in general, supercapacitors are not a battery replacement, and vice versa. 

1.5 Supercapacitors 
The main difference between supercapacitors and batteries is the way in which they store 

energy. The energy storage mechanism in supercapacitors is purely physical, as opposed to the 

chemical reactions in batteries, which means that there is almost no degradation of the electrode 

surface, giving rise to extended lifetimes. [39] Supercapacitors were developed from capacitors, a 

schematic of which is shown in fig. 3. Capacitors consist of two conductive sheets that are 

separated by some distance filled with an insulating dielectric material, such as paper or air. 

During charging, electrons accumulate on one plate, leaving a positive charge on the other. This 

separation of positive and negative charges creates a potential difference, and the energy is 

stored in the created electric field. When discharged, capacitors discharge entirely on the order 

of micro- or milliseconds. [40] 

 

Figure 3: Schematic of a standard electrostatic capacitor. Plates are drawn as negative and positive to 

demonstrate the charge separation that occurs when fully charged. Distance between the plates is 

noted as ‘d’. 
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The capacitance of a capacitor is determined by the area of the plates and the separation distance 

of the charges, as shown in equation 1, which shows that capacitance (C) is directly proportional 

to the area of the plates (A), and inversely proportional to the distance between them (d). [19] The 

permittivity of free space (εr) and the dielectric constant (ε0) are both constants, and so the way 

to increase capacitance is by increasing area or decreasing distance. Application of this 

relationship led to the creation of the supercapacitor. 

 
𝐶 =

𝜀𝑟𝜀0𝐴

𝑑
 

(1) 

Howard Becker held the patent for the first supercapacitor-like device, [41] and used porous 

carbon electrodes as capacitor plates to obtain “unusually high capacitance values at low 

voltages”, through the use of these high surface area electrodes. He correctly theorised that the 

energy was stored on the surface of the electrodes but incorrectly thought this was done in the 

form of atomic hydrogen. 

The energy is actually stored in the electric field established between the electrode and a layer 

of ions adsorbed to the electrode surface, shown in fig. 4 as the Helmholtz layer. The ions are 

supplied by the electrolyte, which replaced the dielectric from standard capacitors. During 

charging, positive ions are attracted and adsorb to the negative electrode, while negative ions 

adsorb to the positive electrode. This was recognised by Robert Rightmire who, several years 

after Becker’s patent, developed the supercapacitor design upon which modern supercapacitors 

would be based [42] and referred to the charge separation as a ‘double-layer’. 

This double-layer phenomenon meant that the distance between charge separation was on the 

order of angstroms as it occurred between the electrode surface and the ion layer, [40] rather 

than between the two electrodes, drastically increasing the capacitance and energy density of 

the device, contributing towards this design being referred to as an electrochemical double-layer 

capacitor (EDLC). 
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Figure 4: Schematic demonstrating the ion distribution in an EDLC after some amount of charging. The 

double layer formation can be seen on each electrode, with an electric field established between the 

ionic layer (Helmholtz layer) and electrode. [43] 

Since no chemical reactions occur during the charging or discharging processes, there are no 

degrading surface modifications to damage the electrodes. This allows EDLCs to be cycled (one 

charge and one discharge process) many times more than batteries before their performance 

becomes impaired. [39] The rate of charging also has no detrimental effects on the supercapacitor 

components, as opposed to battery technology, where high charging rates damage electrodes 

and irreversibly reduce battery capacity. [44] [45] [46] 

The ability for supercapacitors to be quickly charged and discharged has seen them applied in 

situations with fluctuating or infrequent load currents. [47] [48] Since charge rate is not proportional 

to electrode degradation, it does not matter if the current used to charge the supercapacitor is 

high or low, meaning they can be used as an energy storage device for intermittent sources of 

energy, such as solar or wind without damage. Another use is to act as a power buffer between 

sensitive equipment and the energy grid. [49] [50] For an appliance that requires constant uptime, 

such as hospital machines, power outages could leave crucial instruments without a supply of 

power and result in catastrophic consequences. Supercapacitors have a quick response time, in 

that they are capable of providing their maximum voltage supply in a relatively short amount of 

time, compared to backup batteries for example. 
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Even the batteries in smartphones suffer from a variable current load. [51] Turning on the screen 

requires a sudden pulse of current from the battery, as does calling or data usage, and this start-

stop behaviour during the discharge is detrimental to the battery’s lifetime and subsequent 

capacity. Using a supercapacitor as a buffer for these current spikes in conjunction with a battery 

would reduce the damage done to the battery. Smith et al. found that, with a supercapacitor-

battery combination, in a system charged to 4.2 V with a shutdown threshold at 3.0 V, there was 

a 14% extension of battery usage time. If the threshold was instead set to 3.5 V, the extension 

was considerably greater with the system lasting 305% as long. [52] 

Another start-stop application is the energy source for public transport, specifically in the inner-

city where traffic lights and other vehicles necessitate frequent stopping and starting. As 

previously mentioned, tram systems would be greatly improved by switching their energy source 

to supercapacitors, as shown through computational simulation where energy savings of over 

25% could be achieved through the integration of a supercapacitor for a 30 m tram, but this still 

relied on overhead wires and simply used the supercapacitor bank for as a buffer. [53] The world’s 

first tram completely powered by supercapacitors was put on the rails in 2013 [54] and could 

transport 368 passengers up to 4 km from a single 30 second charge. It was even able to 

regenerate 85% of the energy used in braking, which is important, as around 14% of all available 

energy can be lost as heat during braking. [55] 

Regenerative braking is an application of supercapacitors that can be applied to any vehicle, not 

just trams, as a way to minimise energy losses during operation. Excess heat from braking can be 

captured and then stored in a supercapacitor where it can be used to help power the acceleration 

process when the vehicle next starts moving, reducing the amount of energy needed from the 

main energy system. [56] 

Due to the mechanism by which they store energy, supercapacitors will always have an inferior 

energy density compared to batteries. For applications with extended runtimes, batteries are the 

preferred option, but it has been shown that supercapacitors can complement such a system 

through hybridisation, as well as excelling in specific high-power, short-time applications. 
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A large barrier to the commercialisation of supercapacitors is their high construction cost. Many 

of the high-performance supercapacitors use expensive metal oxides, such as RuO2 and IrO2, as 

their electrodes [57] [58] for good conductivity and high surface area properties, along with ionic 

liquid electrolytes [59] [60] for a larger voltage range. Many ionic liquids are flammable and air-

sensitive, while also reacting with common electrode materials to form an SEI, making them 

difficult to work with and result in potentially dangerous devices. [60] [61]  

A problem specific to supercapacitors is their tendency to self-discharge. [62] Charging an EDLC 

causes ions to adsorb to the electrode surface, and when no more ions are able to be adsorbed, 

the device is fully charged. The fully charged state is a state of higher energy, relative to the 

uncharged state, and so the ions will have some affinity to return to solution and restore the low-

energy state. This redistribution of charge means that, once fully charged, a supercapacitor would 

slowly lose its charge while not in use and therefore be at a lower initial voltage when it was 

required for use. Short storage times would obviously minimise this problem but understanding 

the processes involved would allow for development of devices with lowered self-discharge 

rates. 

There are a few proposed mechanisms by which charge redistribution occurs. Conway et al. have 

identified three kinds of mechanisms through which self-discharge can occur. [63] Firstly, for the 

case of an overcharged electrode, Faradaic charge transfer can occur across the established 

double-layer to the electrode surface until the overpotential is zero. A second mechanism is 

where charge is lost to any redox reactions occurring on the surface of the electrode, such as 

oxygen reduction or carbon oxidation. [64] The other stated mechanism is where electrons are 

shuttled from one electrode to the other, either via direct contact of the electrodes or, for the 

case where each of the electrodes is a different composition, as a galvanic couple. 

Ricketts et al. describes another mechanism that involves diffusion. [65] Diffusion is the process 

where species from a region of high concentration move to a region of lower concentration, 

which, in the case of supercapacitors, means that the high concentration of ionic species on the 

electrode after charging will slowly transfer back to the lower concentration of ionic species in 

the main electrolyte solution. 
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For a supercapacitor cell that is charged between an appropriate voltage window, both of the 

first two mechanisms of self-discharge can be minimised. No overpotential will result, and redox 

reactions will not have enough potential available to be a significant process. The use of a 

symmetric cell, in which both electrodes are of the same material, will mean that the open cell 

voltage (OCV) should theoretically be zero and no galvanic couple will be formed. As such, the 

mechanism of ionic dissociation was treated as the most prominent self-discharge mechanism 

for this research and was addressed through the intentional design of individual components. 

1.6 Electrodes 
Often of most interest in development of EDLCs is the electrode material. To allow for 

comparison between the performance of different materials, capacitance is reported as specific 

capacitance in literature, measured in Farads per gram (F g-1). Values of specific capacitance have 

been achieved of over 1000 F g-1 with costly, high-performance materials such as RuO2 reaching 

their theoretical capacity. [66] [67] Wang et al. fabricated ruthenium oxide electrodes with a specific 

capacitance of 1099 F g-1 using RuO2 nanoclusters supported by graphene oxide to increase the 

available surface area. [68] 

The maximum capacitance of RuO2 electrodes has been shown to depend heavily on the degree 

of crystallinity and the amount of hydration of the crystals, where a variation from anhydrous 

RuO2 to RuO2·0.5H2O increased the capacitance from 0.75 F g-1 to 900 F g-1. [69] 

Another metal oxide, nickel oxide, has a theoretical specific capacitance of around 2500 F g-1 [70] 

but this value has not been able to be reached in practice due to inherently high resistivity, with 

attempts only reaching hundreds of Farads per gram and electrodes suffering from low cycle 

performance as a result of material degradation. [66] [71] 

Carbon materials feature much more stability [72] [73] and can perform with competitive specific 

capacitance values. [74] [75] Using a “pollution-free” method, bamboo char was used to create 

graphitic carbon electrodes which exhibited a specific capacitance of 222 F g-1. [76] While this value 

is several times lower than the theoretical value for some metal oxide materials, it is still 

practically competitive, with the device having an energy density of 6.68 W h kg-1. 
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A similar energy density of 10.96 W h kg-1 was found in carbon nanofibre electrodes [77] with a 

maximum specific capacitance of 307.2 F g-1. They had been doped with nitrogen to enhance the 

electrochemical activity and were formed from polyacrylonitrile (PAN) solution using a process 

known as electrospinning. 

Electrospinning 

Electrospinning has emerged as a simple process to obtain a variety of nanofibrous materials with 

variable properties, such as thickness and directionality, based on the parameters chosen in the 

electrospinning setup. Precursor solution is pushed from a syringe using a syringe pump which is 

drawn across some distance to a collector plate due to the presence of an electric field, caused 

by a large potential difference between the syringe nozzle tip and the collector plate. There are 

many parameters which affect the morphology and diameter of the resulting nanofibre sheet, 

including voltage, precursor concentration, and distance from needle to plate. 

 

Figure 5: Schematic of an electrospinning setup as described. A high voltage source is connected to the 

syringe nozzle with one electrode and the collector drum with the other. [78] 

For carbon precursor solutions, some post-spinning heating steps are often necessary to 

carbonise the nanofibres, [79] removing surface groups that would otherwise be oxidised or 

reduced in solution, as well as increasing conductivity for use as electrodes at the cost of more 

processing. 
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Chen et al. used PAN dissolved in N,N-dimethylformamide (DMF) to electrospin a nanofibre sheet 

that underwent heating to 280 °C and then to 1000 °C to obtain a carbon nanofibre film. Several 

treatments were then used to incorporate polypyyrole (PPy) and graphene oxide onto the carbon 

nanofibres, followed by immersion in the chosen electrolyte, to further enhance the surface area 

and capacitance. After all these post-modification steps, they obtained a maximum specific 

capacitance of 336.2 F g-1. [79] 

There are numerous other examples of modified carbon nanofibres produced via 

electrospinning, a collection of which is given in the review by Lu et al. in their table 1, [80] with 

typical capacitance values ranging from 43 to 432 F g-1. 

Slurry 

Another, even simpler way of fabricating carbon electrodes is through the use of a slurry which 

often consists of conductive powders and a binder, dissolved in a solvent. They can be coated on 

any conductive surface to create an electrode through techniques such as drop-casting [81] and 

spin-coating. [82] Doctor blading is another technique that has been used to create electrodes 

using slurries [83] and requires minimal equipment for manual application. A conductive surface 

must first be taped down by the edges, with an exposed central area for slurry application, which 

then gets smoothed out over the entire exposed surface with a blade to create a flat coating of 

the slurry. The slurry is then left to dry at some chosen temperature, either in an oven or at room 

temperature. 

Font et al. found that slower drying rates led to a more homogenous distribution of the binder, 

both theoretically and experimentally, leading to better cell performance. [84] They also state that 

an initial fast drying rate, followed by a slower drying rate can be used to reduce drying time, 

while maintaining homogeneity. A two-step drying step near room temperature is also proposed 

by Stein et al. to produce better performing electrodes. [85] 

Cell performance can also be affected depending on the type of carbon used. Carbon-containing 

slurries can be synthesised using any source of carbon, and electrodes have been fabricated with 

carbon slurries that exhibit moderately high specific capacitances, [86] but lower values of 0.5 to 

85 F g-1 are typical for this type of method. [87] [88] [89] [90] 
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1.7 Electrolytes 
The other main component in supercapacitors is the electrolyte, the choice of which can have an 

effect on cell performance and electrode stability. The three main types of electrolyte are ionic 

liquids, organic solvents, and aqueous solutions. 

Ionic liquids 

Ionic liquids are salts that are liquid below an arbitrarily low temperature; often stated as 100 °C, 

but especially at room temperature. [91] [92] This means that the entire liquid is made of two 

conducting ions; one typically being much larger than the other, for example [EtMeIm]+[BF4]− [93] 

and [BuMeIm]+[PF6]- as demonstrated in fig. 6. [94]  

 

Figure 6: Structure of the ions that make up the ionic liquid [BuMeIm]+[PF6]-. [95] 

This affords ionic liquids a very wide voltage window, which is the range of voltages that the 

solution can be used without decomposition. [95] A wide voltage window is an attractive feature 

for an electrolyte to have for electrochemical storage devices, as it means the device can be 

reliably charged up to a higher voltage, subsequently resulting in a higher energy density. 

Depending on the ionic pair, ionic liquids have been found to have a stable voltage range of up 

to 7 V, with most having a value of between 3 and 5 V. [96] [97]  

Their use has been industrially limited due to high cost and difficulty in handling, as even small 

amounts of water introduced into the supercapacitor system results in performance drops. [60] 

Due to the lack of solvent, ionic liquids are also relatively viscous and have reduced ionic 

conductivities at low temperatures, further limiting the power output of devices with ionic liquids 

as an electrolyte. 
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A carbon nanotube electrode was used in a three-electrode cell with a number of different ionic 

liquids, with available voltage windows ranging from 2.7 to 5.3 V. [98] However, despite this 

extended voltage window the highest capacitance achieved was just 24.3 F g-1, likely due to 

carbon materials not being well matched for use with ionic liquids. 

Organic solvents 

Organic solvents are better suited for use with carbon electrodes while retaining an extended 

voltage window of up to 3 V.  [99] [60] This, in use with a slurry-coated electrode containing 85 wt% 

porous silicon carbide spheres, gave an organic electrolyte system a higher energy density of 

102.59 W h kg-1 compared to an aqueous system, which attained 29.47 W h kg-1. [100] The roughly 

three times increase in energy density comes at the cost of lowered capacitance, however, with 

the aqueous electrolyte: 82.9 F g-1 and organic electrolyte: 60.3 F g-1. 

The IR drop experienced in organic electrolytes is also much larger in organic electrolytes, 

measured to be one order of magnitude by Tanahasi et al. [101] This is the instantaneous drop in 

voltage experienced at the start of a discharge cycle and is essentially wasted voltage that cannot 

be harnessed, as it is instead used to overcome the inherent electrode resistance. 

This is typical of all organic electrolytes, along with increased cost and reduced safety, with many 

organic solvents being volatile, flammable, or toxic. [59] Similarly to ionic liquids, organic solvents 

must be handled carefully to avoid moisture contamination.  

Aqueous solutions 

Water can instead be used as the solvent to dissolve ionic species in. It is stable at room 

temperature, poses little risk in small volumes, and is not affected by the presence of moisture, 

since it is made of water. As such, supercapacitor cells using aqueous electrolytes can be made 

on the benchtop and industrially without the need for expensive dry rooms. [102] Aqueous 

solutions also have much cheaper components than ionic liquids or organic solvents, so seem like 

an excellent choice of electrolyte for lowering the cost of supercapacitor production. 

They are well matched for use with low-cost carbon electrodes, yielding higher-than-organic 

capacitance values, despite the lower voltage window of around 1.2 V, as shown. [100] [101] [103] 

Stoller et al. used chemically modified graphene electrodes with both organic and aqueous 
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electrolytes and found capacitance values of 99 and 135 F g-1 respectively, even though the 

organic cell was charged up to almost three times the voltage. 

The higher capacitance values found in aqueous systems is likely due to their high ionic 

conductivity values. [104] This is mainly due to the difference in size between transport ions, and 

it has been found that typical aqueous ions have conductivities on the order of magnitude larger 

than those for ionic or organic electrolytes. There are many simple ionic species that could be 

considered for use in an EDLC. Singly-charged ions tend to have slightly lower ionic conductivities 

than some ions with 2+/- charges, due to each individual ion carrying half the charge. 

Table 1: Ionic conductivity values for various species, taken from the work of Zhong et al. [59] 

Ionic species Ionic conductivity (S cm2 mol-1) 

Na+ 50.11 

K+ 73.50 

Cl- 76.31 

NO3
- 71.42 

Mg2+ 106.12 

SO4
2- 160.0 

 

In their review, Zhong et al. state that the ideal supercapacitor electrolyte must have a wide 

voltage window, a wide temperature window, high ionic conductivity, high stability, good 

matching with the electrode, low reactivity to the electrode, low volatility, low economic cost, 

and low environmental cost. It is difficult for any category of electrolyte to match with all of these 

requirements, highlighted in table 2 below, so researchers must choose one that displays several 

of these quantities and as a result of this, it was reported that 84.8 % of literature published 

about supercapacitors in 2014 used aqueous electrolytes. [59] 
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Table 2: List of how each type of electrolyte displays “ideal electrolyte” properties 

Property Ionic Organic Aqueous 

Wide voltage window ✓ ✓  

Wide temperature window   ✓ 

High ionic conductivity   ✓ 

High stability ✓ ✓ ✓ 

Well matched to electrodes (For carbon)  ~ ✓ 

Does not react to electrodes  ✓ ✓ 

Low volatility ✓  ✓ 

Low cost  ~ ✓ 

Environmentally friendly ✓  ✓ 

 

However, the higher conductivity of aqueous electrolytes also means that, once fully charged, 

the ions have a greater ability to diffuse back into solution from the electrode through ionic 

dissolution, exacerbating the self-discharge mechanism. The charge retention capabilities of an 

electrode material are seldom reported alongside the usual EDLC parameters, but some groups 

have specifically looked at trying to reduce the rate at which charge is lost, as reported below. 

1.8 Charge retention 
Using activated carbon electrodes and bulky triethylmethylammonium tetrafluoroborate 

electrolyte dissolved in organic acetonitrile, Xia et al. constructed a supercapacitor cell that could 

be charged up to 2.0 V. They found that by adding 4-n-pentyl-4′-cyanobiphenyl liquid crystals to 

the electrolyte at a concentration of 2%, the voltage decay was reduced for a fully charged cell, 

dropping to 1.5 V in 16.5 hours compared with 2.2 hours for the standard electrolyte. [105] This 

was due to the increased viscosity from alignment of the liquid crystals in the electric field 

between the supercapacitor electrodes, however this phase was only present between 23 and 

35 °C, severely limiting it’s potential application. 

Modifying the electrodes rather than the electrolyte can create a more stable and usable cell. In 

an attempt to provide a “backwards galvanic couple” to mitigate self-discharge, a supercapacitor 



 

26 
 

was constructed using asymmetric electrodes of activated carbon on zinc and on copper foil as 

the cathode and anode respectively. [106] The galvanic couple was proposed to provide a micro-

current to mitigate any charge redistribution, leading to a drop of only 5.6% in voltage over 810 

hours with an aqueous ZnSO4 electrolyte, compared to the control (symmetric gold foils instead 

of asymmetric zinc and copper) which dropped 44.4% in the same amount of time. This is 

incredibly impressive charge retention for an EDLC, but it becomes unsurprising when it is 

realised that the galvanic cell is essentially charging the supercapacitor constantly, using up metal 

from the foil through redox reactions; that is, using up the energy required in the formation of 

those metal foils, rather than preventing energy loss. 

Modifying the chemistry of graphene oxide electrodes to introduce more nitrogen atoms and 

reduce the number of oxygen atoms almost tripled its charge retention. [107] Using the ionic liquid 

1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) as electrolyte and charging the cell up 

to 3.0 V, the cell retained half of its charge for 4.10 hours, compared to 1.36 hours for unmodified 

graphene oxide. This was achieved through the adjustment of heteroatoms, as nitrogen provides 

stronger binding for the electrolyte ions whereas oxygen creates relatively loosely-bound ions 

which can diffuse back into solution more easily. 

Lastly, Tevi et al. [108] applied poly(p-phenylene oxide) (PPO) to a glassy carbon electrode. PPO is 

an insulating material and covering the electrode with a layer of this reduced the capacitance of 

the cell by about 56%, from 12.99 to 5.70 F g-1, but it did have the effect of reducing the self-

discharge rate by about 78%. The layer was said to create an energy barrier for parasitic Faradic 

reactions and not hinder the double-layer formation, but the drop in capacitance shows that it 

was affected by the addition of the insulating layer. 

In an attempt to reduce the self-discharge of a supercapacitor device without impacting the 

capacitance and electrochemical performance, while also using readily available and low-cost 

materials and minimal production steps, the following design was constructed. 

1.9 Aims of my project 
The electrolytic ions in solution needed to be able to adsorb onto the electrode surface and then 

have a reduced affinity to diffuse back into the bulk solution. By introducing a porous structure 
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to the electrode, the ions had a cup-like cavity to fit into which provided some energetic barrier 

to dissolution. It was crucial that the pore size was of an appropriate size to accommodate the 

ions; not too big that there was no effect on diffusion rate, and not too small that the ions could 

not enter the pores. This was achieved through the addition of zeolite powder. 

To address the issues of self-discharge and cost, a novel supercapacitor design was proposed. 

Each aspect will be explained in detail, but briefly, low-cost materials with minimal processing 

were used for both the electrode and the electrolyte, and a porous zeolite structure was 

introduced into the electrode to reduce the rate of self-discharge. This is represented by the 

schematic in fig. 7. 

 

Figure 7: Schematic of the constructed supercapacitor, shown with carbon paper as the plate and 

zeolite slurry as the porous structure. Potassium chloride was used as the electrolyte. 

Low-cost carbon electrode 

As stated, electrodes need to be conductive and have a high surface area for use in EDLCs. 

Carbon-based materials display both of these properties whilst also being abundant in nature, 

making them cheap to acquire and it has been shown that they can be used to fabricate workable 

supercapacitor electrodes. Carbon can be obtained from a variety of different sources including 

polymers, biomass, and minerals. In this work, PAN, carbon black, carbon paper, carbon cloth 

and carbon felt were the different types of carbon used. 
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PAN was used to form carbon nanofibres, a conductive mesh of fibres with diameters on the 

order of nanometres, yielding a high surface area-to-volume ratio. Carbon black has a lower 

surface area than nanofibres or activated carbon but is conductive and formed as a waste product 

of incomplete combustion. Carbon paper, cloth, and felt are sheets of different texture with 

relatively low surface areas, instead providing a convenient flat surface for electrode 

construction. 

Safe, cheap salt water 

Aqueous solutions have superior qualities for use in an EDLC with carbon electrodes. They reliably 

give higher capacitance values than organic electrolytes for the same electrode and can be 

prepared and handled on the benchtop, which made the construction of supercapacitor cells 

trivially easy. 

Sodium chloride was initially considered as the salt for electrolytic use, due to it being a common 

commodity and a large component of seawater [109] and constant manufacture, but potassium 

chloride was instead chosen. This is because of the similarity in sizes between the hydrated 

potassium and chloride ions (Ionic diameters given as K+: 3.31 Å, Cl-: 3.32 Å, Na+: 3.58 Å), as well 

as conductivity and mobility, [59] [110] allowing the same zeolitic structure to be used for both 

electrodes in the construction of a symmetric EDLC. Potassium ions have also been found to yield 

higher capacitance values than sodium ions when used in the same system, with increased 

conductivity of K+ compared to Na+. [111] 

Zeolites for charge retention 

Zeolites are naturally occurring hydrated aluminosilicate frameworks, with pore sizes typically 

ranging from 3 to 10 Å, depending on the structure. [112] This means that small-pore zeolite 

structures would be well suited to accommodate hydrated K+ and Cl-. Among the 200+ framework 

types of discovered zeolite structures, three examples of small-pore zeolite frameworks (BIK, LTA, 

and MON) are shown in fig. 8 as they are able to accommodate maximum spherical particles of 

4.17, 4.21, and 4.24 Å respectively. [113] The LTA structure is commonly available as molecular 

sieves and provides an appropriate size for the chosen 3.3 Å ions. [114]  
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Figure 8: From left to right, framework images of BIK, LTA, MON zeolite structures. [113] 

As zeolites are found in nature, they are one of the cheapest porous materials available, making 

them a great candidate for use in a low-cost supercapacitor. Manmade zeolites have been 

synthesised, however, allowing for greater customisation in structure and pore size. [115] The 

synthesis of zeolite nanoparticles often involves using organic templates for the zeolite growth, 

and most procedures involve high temperatures to combine alumina- and silica-containing 

compounds, but a few room temperature procedures have been reported. [116] [117] [118] Valtchev 

et al. achieved a yield of around 83% in their room temperature synthesis without the assistance 

of organic components. They investigated the process time and quality of various composition 

ratios of the form xNa2O/yAl2O3/1SiO2/zH2O with x = 3-8, y = 0.4-0.55, and z = 80-150, and found 

that x = 6, y = 0.55, and z = 80-150 formed zeolite nanoparticles in the shortest time. [116] 

The LTA framework was chosen to be used with the carbon electrodes, in the form of 4 Å 

molecular sieves, due to their availability. These are a synthetic zeolite, that have pores purged 

by heat and a carrier gas to remove cation impurities via a regeneration process by the supplier. 

2. Methods and materials 
With so much potential development in the supercapacitor field and many options for electrode 

material and electrolyte solutions, clear comparison between novel materials is crucial. 

Unfortunately, characterisation of supercapacitor components is not well standardised. Along 

with differences in electrode and electrolyte, variable voltage windows, different rates of 

charging, different times of charging, and different test configurations are all too common in 

literature. This was highlighted in an excellent paper by Stoller and Ruoff [119] that attempted to 

establish a “best practice” for characterisation of supercapacitor electrodes.  
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To incorporate the zeolite into the carbon electrodes, three methods were attempted: 

electrospinning, electrodeposition, and doctor blading. As will be mentioned, the slurry 

approach, via doctor blading, produced high quality electrodes without the need for high 

temperature or high voltage, and so further characterisation was performed using this method. 

2.1 Cyclic voltammetry 
Measuring the current while increasing the voltage applied to a cell at a certain scan rate, 

measured in mV s-1, will generate a cyclic voltammogram (CV). It is called ‘cyclic’ because at the 

maximum voltage point, the voltage sweeps back to minimum and generates a curve similar to 

the shape of that seen in fig. 9 below. Any peaks seen in the curve represent chemical reactions, 

typically redox reactions, so an ideal EDLC would have a rectangular shape. [120] Capacitance can 

be calculated as the area within this rectangular shape; essentially the area within the cyclic 

voltammogram, but as the shape becomes less rectangular, this method becomes less accurate. 

 

Figure 9: Cyclic voltammogram of 10 mM ferrocene, with peaks at about 0.33 and 0.41 V. [121] 

CVs can be obtained from two- or three-electrode cell setups as shown in fig. 10. A three-

electrode cell is often more common and is called such due to the presence of a reference 

electrode, working electrode, and counter electrode, all suspended in an electrolyte solution. 

The working electrode is the sample material being measured and the reference electrode is the 

potential reference to which voltage is measured from. This voltage reference is stabilised using 
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a counter electrode, which acts as the anode/cathode for the working electrode as needed, 

minimising the amount of current that passes through the reference electrode. 

 

Figure 10: Schematic showing a two-electrode cell (left) and a three-electrode cell (right), where WE is 

working electrode, RE is reference electrode, and CE is counter electrode. 

A two-electrode system has the same components, but effectively combines the counter and 

reference electrode into one electrode by having current flow through the reference electrode. 

This system better reflects the real-life situation of electrodes in a supercapacitor cell, since it 

uses two electrodes. Despite the two- and three-electrode systems sharing so many design 

similarities, the slight change in design means that the voltage shown on a CV for the three-

electrode cell is double that of the two-electrode cell, leading to different values being obtained 

from each one, even when using the same material. [119] [122] 

Electrodes constructed of a composite material containing 20 wt% carbon nanotubes and 80 wt% 

conducting polymers were tested in a two-electrode cell and a three-electrode cell under the 

same conditions. When the conducting polymer was polypyyrole, the three-electrode cell 

measured capacitance to be 506 F g-1 compared with a value less than half as much for the two-

electrode cell of 192 F g-1. Similarly, with polyaniline (PANI), the three-electrode cell exhibited a 

capacitance of around double: 670 F g-1 as opposed to 344 F g-1. [122] 
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This mismatch introduces serious inaccuracies into reported work. Simply by using a different 

test configuration, capacitance values could be reported as double that which would be exhibited 

by a real supercapacitor system. Stoller and Ruoff note that a three-electrode cell is useful for 

observing Faradaic reactions but suggest using a two-electrode cell to report capacitance as it 

better reflects the actual energy storage performance of a material intended for use in a 

supercapacitor. [119] 

A two-electrode cell was used to perform cyclic voltammetry measurements in a 3M KCl 

electrolyte. The reference/counter electrode was platinum mesh and the working electrode was 

the sample being measured. Small pieces of molybdenum were used to sandwich the electrode 

to prevent the crocodile clips tearing the electrode but were not immersed in the electrolyte. An 

Metrohm Autolab potentiostat was used to record current over a voltage range of 0.2 to 1.2 V 

on the Nova software. Current was reported as specific areal current (A cm-2) to allow for 

comparison between differently sized electrodes. 

2.2 Charge-discharge curves 
A galvanostatic charge-discharge curve (CDC) can be obtained by charging and then discharging 

a cell at a constant current rate, measured in A g-1. This reflects how a cell would perform in 

practical use, if a constant current was used for the entire discharge, and is stated to be the 

accepted measure of capacitance. [119] Capacitance can be calculated from the discharge curve 

using equation 2, where C is cell capacitance (F), I is the applied current (A), and dV/dt is the slope 

of the discharge curve (V s-1). 

 
𝐶 =

2𝐼

𝑑𝑉
𝑑𝑡⁄

 
(2) 

This is the capacitance of the whole cell, with the ‘2’ multiplier used to account for the halved 

voltage due to use of a two-electrode cell. This can be converted to specific capacitance of a 

single electrode using equation 3, with Csp as specific capacitance in F g-1, and m as mass in g. This 

time, there is a multiplication of 2 to separate the cell capacitance into individual electrode 

capacitance. [119] [123] [124] 
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𝐶𝑠𝑝 =

2𝐶

𝑚
 

(3) 

Stoller and Ruoff advise to take the slope of the discharge curve between Vmax and V1/2 as this is 

representative of the voltage window that will typically be used for supercapacitor application, 

but the excellent stability of supercapacitors means they can be fully discharged with little 

degradation, affording a lower minimum voltage value to be chosen. [125]  

Using these supercapacitor cells, data for charge-discharge curves were obtained by connecting 

the polyether ether ketone (PEEK) cells to a Neware Battery Testing Station and voltage/current 

was controlled by their software. Prior to data collection, a premeasurement cycle was 

performed to flush the electrodes with electrolyte and ions [126] which involved a short, 10-cycle 

charge-discharge process between 0.1-1.1 V. Cells were typically cycled between 0.2 and 1.2 V at 

a constant current of 0.5 A g-1, but other voltage ranges and charging currents were investigated. 

A charge rate of 0.5 A g-1 gave a charge/discharge time that would be realistic for actual 

supercapacitor use with the slurry coated electrodes, but this was found to be too high of a 

charge rate for the uncoated carbon paper electrodes. Instead, they were cycled with a current 

of 0.1 A g-1. 

Lifetime and stability are important parameters for supercapacitor electrodes, and so cells were 

cycled for a number of different charge-discharge cycles, including 10, 1000, 5000, and 10000. 

Capacitance was calculated from the discharge curve of the charge-discharge curves, using 

equation 2. 

2.3 Charge retention 
As previously mentioned, charge retention is not extensively reported in literature as a standard 

parameter of EDLCs. This is surprising, as it is an important factor to consider for an electrode 

material and overall supercapacitor design. One noted discrepancy in charge retention tests is 

the amount of time that a cell is charged for, before being left to self-discharge. A longer charge 

time means that charges on the electrode surface are able to redistribute themselves during the 

charging phase, rather than instantly after current has stopped being applied. While this 
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approach is beneficial to the reduction of self-discharge, it does not accurately reflect how a real-

life system would be charged in practical application, where charge time may be minimal. [108] [54] 

To measure how well the slurry coating improved charge retention of the electrodes, cells were 

charged up to 1.2 V using the same charge current as for CDC tests, but instead of being 

discharged at the same current upon reaching 1.2 V, the cell was left in its charged state while 

still measuring voltage continuously. This allowed the self-discharge mechanisms to occur and 

see how this affected cell voltage. Different maximum voltages were explored, as well as 

changing the charge current. A lower charge current meant that it took longer to fully charge the 

cell, which allowed the charges to undergo some redistribution and so the effect of this on charge 

retention could be examined. 

2.4 Gas adsorption 
For materials that exhibit high surface area-to-volume ratios, such as some carbon materials, 

specific surface area (SSA) is commonly mentioned. This is the total available surface area of a 

material, measured in m2 g-1. This value can differ depending on the method used to determine 

it, but Brunauer-Emmett-Teller (BET) gas adsorption has emerged as the most commonly used 

technique among supercapacitor electrode materials. [127] 

BET theory is named after Brunauer, Emmett, and Teller, who proposed it in 1938. [128] It makes 

use of nitrogen gas adsorption at its boiling point of 77 K, with the assumption that the nitrogen 

atoms adsorb in a monolayer. Based on pressure differences from the gas adsorbing to the 

material when temperature is reduced to 77 K, and with the knowledge of the cross-sectional 

area of one nitrogen atom, specific surface area can be determined. [129] [76]  

Gas adsorption was performed using a Micromeritrics Flowsorb II 2300 gas adsorption machine, 

shown in fig.11, with voltage reading through a Megger M8057 multimeter. Samples were 

degassed at 115 °C for over one hour before measurements were taken to ensure minimal 

moisture content. Adsorption readings were taken at 77 K by immersing the sample tube in a 

liquid nitrogen dewar, while desorption readings were recorded by warming the sample back up 

to room temperature in water. 
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Figure 11: Micromeritrics Flowsorb II 2300 gas adsorption machine used to determine the specific 

surface area of substances. The heating mantle used for degassing can be seen as the white pouch on 

the left, and a liquid nitrogen dewar was placed around the right glass tube. The sample was placed in 

the centre glass tube, with another liquid nitrogen dewar placed around this during measurements. 

2.5 Microscopy techniques 
Advanced microscope techniques now allow for the morphology of nanomaterials to be 

examined in great detail. [130] Scanning electron microscopy (SEM) can elucidate how 

homogenous a sample is, or what shape certain features are. The molecular sieves used as the 

zeolite source in this project have a typical aluminosilicate framework containing sodium, 

aluminium, silicon, and oxygen. As such, energy-dispersive X-ray spectroscopy (EDS) can be used 

in tandem with SEM to determine the composition and presence of elements in a sample. 

2.6 Electrospinning 
With the addition of zeolites to a polymer solution, zeolite-embedded carbon nanofibres were 

produced through the use of electrospinning. 

Polymer solution 

To make zeolite-embedded carbon nanofibres, a 12.5% w/w zeolite solution was first made, 

containing 1.0 g of polyacrylonitrile (Mw = 150,000 g mol-1) and 1.25 g of 4 Å molecular sieves 

(<50 μm powder) dissolved in 10 mL of dimethylformamide was used. This formed a cloudy 
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brown solution that was magnetically stirred overnight and then loaded into a blunt 1.2 mm 

diameter syringe for use with the electrospinning setup. 

Electrospinning parameters 

Parameters were based on those used by Annamalai et al. [131] for zeolite-templated carbon 

nanofibres. The loaded syringe was placed into a Harvard PHD 2000 syringe pump which was 

placed 12 cm away from a house-built collecting drum, spinning at 70 rpm to align the nanofibres 

in the same direction. The potential difference of 15 kV was established using a Gamma High 

Voltage Research high voltage source. The syringe pump was set to a pump rate of 1 mL hour-1 

for a total spin time of 4 hours to produce a white sheet of nanofibres collected on tinfoil wrapped 

around the collector drum. 

Heat treatment 

Following this, the nanofibrous sheet underwent a heat treatment to form carbon nanofibres. 

The first step was heating at a rate of 1 °C min-1 up to a final temperature of 220 °C for one hour 

in air to stabilise the fibres. For this step, the nanofibrous sheet was placed between two Teflon 

sheets to keep them flat and prevent curling up and resulted in the white nanofibres turning 

brown. The second step involved heating the stabilized fibres up to 1100 °C at a maximum rate 

of 5 °C min-1 in a nitrogen atmosphere, producing brittle, black carbon nanofibres. This process 

is shown below in fig. 12 to illustrate the appearance of the nanofibre sheet following each step. 

Instrument-specific constraints meant that it was necessary to hold the temperature at several 

different points before reaching 1100 °C, and so a full heat protocol can be found in the appendix. 

 

Figure 12: Appearance of carbon nanofibres during the heat treatment process 
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2.7 Electrophoretic deposition 
Based on a method outlined in the work of Ahlers and Talbot, [132] a 200 mL solution was prepared 

with 4 g L-1 concentration of molecular sieves in a 1x10-3 M solution of Mg(NO3)2 dissolved in 

isopropyl alcohol (IPA). A platinum mesh electrode was placed between two Teflon sheets at the 

bottom of the solution as the anode, and a carbon nanofibre sample was suspended 3.2 cm above 

this which acted as the cathode. Using the same high-voltage source used for electrospinning, 

200 V were applied for 12 seconds to deposit the zeolite onto the electrode surface. The coated 

nanofibre sheet was then left to dry on the benchtop to evaporate any remaining IPA. 

2.8 Slurry preparation 
A 70 wt% slurry solution was prepared by adding N-methyl-2-pyrrolidone (NMP) dropwise until 

it completely dissolved 0.05 g of polyvinylidene fluoride (PVDF) (600,000 g mol-1). This was found 

to be about 2 mL. To this solution, 0.1 g of carbon black (Super P) and 0.35 g of 4 Å molecular 

sieves were added, which formed a viscous black slurry that was left magnetically stirring 

overnight. The ratio of slurry components was based on a similar slurry formed by Wang et al. 

[133] 

Out of the three methods for zeolite attachment of electrospinning, electrophoretic deposition, 

and slurry preparation, slurry preparation was the one that required minimal processing steps 

and had no energy intensive steps, so different weight loadings of zeolite were explored and used 

for subsequent electrochemical characterisation.  

All produced slurries were applied to a conductive surface using the doctor blade method. This is 

also known as tape-casting, as the surface is taped down with an exposed central area. Carbon 

paper was used as the main surface for coating, and typically a 3.5x3.5 cm square was taped 

down with a 1.5x1.5 cm exposed area. Slurry was dropped along the top side of an exposed area 

and then smoothed over the entire area using a microscope slide. Measurements of specific 

capacitance already take mass into account, but the height of the tape meant that the slurry 

thickness was moderately uniform between all electrode samples. The coated surfaces were left 

to dry at room temperature on the benchtop for 72 hours, until the NMP had evaporated and 

left a dry, black coating. Some cracking was observed but, in general, the coating was continuous 

and the electrodes used were taken from areas with no cracking. 
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Other carbon sheets were also investigated as conductive surfaces. Carbon cloth and carbon felt 

electrodes were also prepared in an identical way. 

2.9 Construction of PEEK cells 
Supercapacitor cells were constructed using a custom-made PEEK body casing, as shown in fig. 

13 with separator, electrode, and current collector discs having a diameter of 1 cm. 7-8 drops of 

3M KCl electrolyte was dropped onto two glass micro separator discs (Whatman Glass Microfibre 

Filters); just enough to fully saturate it. The current collector discs were punched from a 0.1 mm 

thick molybdenum sheet, and the entire cell was constructed on the benchtop in open air. 

 

Figure 13: PEEK cell casing with, from left to right, steel rod, molybdenum current collector, sample 

electrode, glass microfibre separator, sample electrode, molybdenum current collector, and steel rod. 

Electrode were punched into 1 cm diameter circles and their weight varied between sample, but 

typically had around 1-2 mg of slurry per electrode, on 2.8 mg of carbon paper. The process of 

constructing a supercapacitor cell from the slurry coated carbon paper is shown in fig. 14. All 

constructed cells used electrodes as close together in weight as possible and were found to have 

an open circuit potential of very close to zero volts, due to the symmetric electrodes used.  

 

Figure 14: Process from doctor-bladed, slurry-coated electrode after drying (left) to constructed PEEK 

supercapacitor cell in testing apparatus (right) 
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3. Results and discussion 

3.1 Zeolite attachment method 
The three different methods of zeolite attachment to carbon nanofibres resulted in 

macroscopically similar-looking black paper sheets, but SEM analysis shown in fig. 15 revealed 

slight differences in morphology and zeolite dispersion. 2,000x magnification was chosen to 

demonstrate the overall sample morphology, while 10,000x magnification provided localised 

attachment details. 

 

Figure 15: SEM images of zeolite-embedded carbon nanofibes (Z-CNF), electrophoretically deposited 

zeolite onto carbon nanofibres (EPD), and zeolite-slurry coated carbon nanofibres at 2,000x and 

10,000x magnification 
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Figure 16: SEM image of pristine carbon nanofibres at 10,000x magnification. Diameter was measured 

to be between 300-400 μm 

The pristine carbon nanofibres had diameters between 300-500 nm and well-formed long, 

smooth surfaces, as can be seen in fig. 16. When zeolite was introduced, it appeared as larger, 

lighter-coloured particles of about 2-3 μm, confirmed through EDS measurements. Especially in 

the zeolite-embedded carbon nanofibre sample, zeolite particles were dispersed throughout 

fibre strands, which showed good incorporation and overall dispersion. This compared with the 

electrophoretic deposited zeolite sample, which had very little zeolite coverage.  
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Figure 17: Backscattered image (top-left) and EDS elemental distribution data showing the presence 

and position of different elements (rest) for zeolite-embedded carbon nanofibres. 

 

Figure 18: Backscattered image (top-left) and EDS elemental distribution data showing the presence 

and position of different elements (rest) for the electrophoretic deposition of zeolite onto carbon 

nanofibres. 
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Figure 19: Backscattered image (top-left) and EDS elemental distribution data showing the presence 

and position of different elements (rest) for the zeolite-slurry coated carbon nanofibres. 

The more concentrated areas of colour in the EDS images signified a higher concentration of 

that particular element and it can be seen that the four elemental constituents were detected 

in the same position for any particular sample, confirming the zeolites presence as bright white 

particles in the SEM images. When looking at the images in figs. 17-19, the zeolite-embedded 

and zeolite-slurry coated carbon nanofibres both showed a wide distribution of zeolite, 

indicating favourable attachment whereas the electrophoretic deposition method resulted in 

poor attachment, likely due to the difficulty in electrodepositing an insulting material. Carbon 

was detected almost everywhere due to the surface of carbon nanofibres. 

The slurry coating exhibited good dispersion of zeolite throughout the carbon black/PVDF slurry, 

but completely covered the carbon nanofibre sheet that it was cast onto. This meant that the 

slurry coating could be coated on any conductive surface to form a working electrode; not 

specifically carbon nanofibres. Since the formation of carbon nanofibres involved two separate 

heating steps, one above 1000 °C, a different surface for slurry application would be preferred to 

reduce production cost and carbon emission. As such, carbon paper was used as the surface for 

application and the slurry method of zeolite attachment via doctor blading was subsequently 

chosen for further investigation. 
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3.2 Weight loadings of slurry 
The slurry formed with a 70% zeolite loading was based off a literature method [133] and exhibited 

appropriate viscosity and zeolite coverage, but different weight loadings were also investigated 

in case further optimisation could be achieved. Slurries containing 60 and 80 wt% zeolites were 

also produced, with the added/reduced amount of zeolite being balanced by reducing/adding 

carbon black; that is, the 60% slurry contained 0.05 g of PVDF, 0.15 g of carbon black, and 0.30 g 

of molecular sieves, and the 80% slurry contained 0.05 g of PVDF, 0.05 g of carbon black, and 

0.40 g of molecular sieves. Note that a 0% slurry solution was also made, to compare how the 

zeolite addition affected performance, but this did not yield a usable electrode and so uncoated 

carbon paper was used as a comparison instead. The higher the weight loading of zeolites was, 

the lower the viscosity of the slurry. These were all doctor bladed onto carbon paper and left to 

dry, as before. 

 

Figure 20: SEM images of the 60, 70, and 80 wt% zeolite-slurry coated carbon paper samples at 500x 

and 10,000x magnification 

All slurry samples showed coverage of the carbon paper sheet and dispersion of the zeolite 

particles throughout the coating, as can be seen in fig. 20. As expected, the zeolite dispersion was 

slightly denser in the 80 wt% slurry when compared to the other two weight loadings. This 
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increased amount of insulating zeolite might have affected the conductance and capacitive 

properties of the electrode and so cyclic voltammetry was performed on each sample, with the 

results shown below in fig. 21. 

 

Figure 21: Cyclic voltammograms for a) 60% zeolite slurry-coated carbon paper (OCV: 0.485 V, 

electrode area: 0.63 cm2), b) 70% zeolite slurry-coated carbon paper (OCV: 0.351 V, electrode area: 

0.64 cm2), c) 80% zeolite slurry-coated carbon paper (OCV: 0.332 V, electrode area: 0.72 cm2), and d) 

carbon paper (OCV: 0.406 V, electrode area: 1.32 cm2) 

As previously mentioned, the shape of the CV plot indicates how much ‘ideal’ capacitance is 

exhibited by the electrode; a flatter, more rectangular CV is favourable for supercapacitor 

electrode materials. It can be seen that increasing the zeolite weighting flattens out the middle 

part of the cyclic voltammogram, an observation that is pronounced with the 100 mV s-1 scan 

rate where there is less time for surface reactions to occur compared to the 50 mV s-1 scan rate, 

data for which can be found in the appendix. Going from 60% to 70% (from fig. 21a to fig. 21b) 

yields a much more rectangular shape, while further zeolite addition from 70% to 80% (from fig. 

21b to fig. 21c) shows a less drastic, but still noticeable flattening, at the cost of lowered current 

density values. 
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The highest current density values were obtained in fig. 21a with the 60% slurry, likely due to the 

higher loading of carbon black. As carbon black amounts decreased, the current density values 

decreased, down to the lowest in fig. 21d for uncoated carbon paper, where current densities 

were roughly three orders of magnitude lower than coated samples. This could also be a result 

of the amount of electrode surface area present, where the slurry coatings provided an increased 

amount of specific surface area as compared to plain carbon paper. 

3.3 Gas adsorption 
The model of gas adsorption machine used to measure the specific surface area of samples gave 

the data as a voltage readout on a multimeter for adsorption and desorption. Using the 

adsorption readout values, the 4 Å molecular sieves were found to have an average specific 

surface area of 3.28 m2 g-1 as powder, and then when mixed into the 70% slurry and coated on 

carbon paper, this increased to 5.43 m2 g-1. This increase is likely due to the carbon black additive, 

as the carbon paper did not provide enough specific surface area to be detected by the machine, 

but Sakai et al. [134] calculated this to be 0.3 m2 g-1. Super P carbon black has been found to have 

a specific surface area of ~60 m2 g-1. [135] 

These values are for the surface accessible by N2 molecules (Molecular diameter of 3.62 Å) [111] 

and so it is assumed that the K+ and Cl- ions (Hydrated ionic diameter of 3.31 and 3.32 Å 

respectively) [59] will be able to access a similar surface area. 

Since the carbon paper had very little surface area and contributed relatively negligible current 

density, and therefore capacitance, compared to the overall slurry-coated electrode, it was 

assumed that the slurry provided all of the electrochemical properties of the measured 

electrodes. This meant that the applied constant current, measured in A g-1, could be calculated 

using the mass of the slurry coating for CDC and charge retention measurements. It would have 

been interesting to see if slurry thickness affected capacitance, but instead, specific capacitance 

was reported to account for any difference in slurry loadings. 

3.4 CDC 
PEEK cells were used as described for galvanostatic charge-discharge measurements. Data shown 

is from one supercapacitor cell, which had electrode masses of 0.75 and 0.91 mg, for a total 
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electrode mass of 1.66 mg. Two other cells were constructed – with total electrode masses of 

1.37 and 2.88 mg – and put through identical testing procedures to make sure that the observed 

data could be reproduced. 

 

Figure 22: Galvanostatic charge-discharge curves for 70% zeolite slurry-coated supercapacitor cell, 

taken from midway through a 5000-cycle procedure, using constant current of 0.5 A g-1 (0.83 mA) 

CDC measurements for the supercapacitor cells with zeolite slurry-coated electrodes showed 

favourable performance. As demonstrated in fig. 22, a symmetric, triangular shape in the charge-

discharge curve is characteristic of a double-layer formation and capacitive properties while the 

consistent spacing between peaks is indicative of high stability. Specific capacitance was 

calculated as the average value from a 1000-cycle run using the discharge portion of the curve 

with equations 2 and 3 and was found to be 17.25 F g-1. 

Several thousand charge-discharge cycles were performed, including a 5000-cycle run and a 

10,000-cycle run, and it was found that the capacitance dropped over the course of the cycling 

procedures. After over 18,000 charge-discharge cycles at 0.5 A g-1, the capacitance was calculated 

as 10.16 F g-1. This meant that if the supercapacitor cell was charged and discharged once per 

day for half a century, almost 60% of its capacitance would be retained. This is reflected in the 

high coulombic efficiency on the device, shown in fig. 23. 
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Figure 23: Coulombic efficiency for 10000 charge-discharge cycles at a constant current of 0.5 A g-1 

(0.83 mA). Note this procedure was performed after over 15,000 previous charge-discharge cycles. 

The high coulombic efficiency showed that there was minimal charge lost to Faradaic processes, 

likely affected by the 1 V charge window used. Aqueous electrolytes require a smaller voltage 

window than other electrolytes, as stated, as they often break down beyond much more than 

1.2 V. Staying below this point aided in the coulombic efficiency of the cell and allowed it to 

remain at 100%. 

 

Figure 24: Galvanostatic charge-discharge curves for 70% zeolite slurry-coated supercapacitor cell, 

using a constant current of 0.1 A g-1 (red), 0.5 A g-1 (black), 1.0 A g-1 (blue). 
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The constant current affected the time it took for the supercapacitor cell to fully charge and 

discharge. It can be seen from fig. 24 that a higher applied current drastically reduces the time 

taken for a complete cycle. A lower current of 0.01 A g-1 and higher currents of 2.0 and 5.0 A g-1 

were also performed, but were much too slow and too fast, respectively, to be represented in 

detail on the same scale and the other current rates. The same symmetric triangular shape was 

observed, regardless of current rate, which showed that the cell could be operated at a range of 

rates of charging. This was unlike the uncoated carbon paper supercapacitor cell, which only 

displayed controlled, capacitive behaviour at 0.1 A g-1, severely limiting potential experiments 

and application. 

 

Figure 25: Comparison between the galvanostatic charge-discharge curves of 70% zeolite slurry-coated 

supercapacitor cell (red) and uncoated carbon paper supercapacitor cell (black) at the same constant 

current of 0.1 A g-1. 

When tested with the same constant current of 0.1 A g-1, the zeolite-slurry electrodes yielded a 

more uniform curve on a practically reasonable and realistic timescale than the uncoated carbon 

paper electrodes. The uncoated electrodes built up and released charge at a relatively high rate, 

likely due to the low surface area, which meant that its full capacity was reached quickly. The 

addition of surface area and a porous surface, here in the form of a slurry, increased the 

supercapacitive properties of the cell. Without this, uncontrolled charging and discharging was 
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observed for the uncoated supercapacitor, seen in black in fig. 25, where the voltage spikes above 

and below 1.2 and 0.2 V respectively. This is shown in more detail below in fig. 26. 

 

Figure 26: Galvanostatic charge-discharge curves for uncoated carbon paper supercapacitor cell, taken 

from midway through a 5000-cycle procedure, using constant current of 0.1 A g-1 (0.56 mA). 

Along with the uncontrolled charge-discharge voltages, significant IR drops were observed in 

every CDC for uncoated electrodes. This was a drop in over one third of the max voltage (from 

over 1.2 to under 0.8 V), indicating a large internal cell resistance, especially as compared with 

the slurry-coated cell’s IR drop of about 5% (from 1.2 to above 1.1 V).  

Capacitance was determined as the average value from discharge curves of a 1000-cycle CDC and 

was found to be 0.40 F g-1. Over the ~50-year experimental time (if charged and discharged once 

per day), capacitance dropped to 0.34 F g-1, which is a retention of 85%. While this is impressive 

capacitance retention, less than 1 F g-1 is not very practical and the uncoated electrodes have 

shown poor capacitive behaviour. The fast charge-discharge times also meant that coulombic 

efficiency data was poorly recorded and yielded pitchy data, as shown in the appendix. 

3.5 Charge retention 

Of specific interest was the difference that the zeolite slurry made to the charge retention 

capabilities of the electrode by reducing the rate of self-discharge. 
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Figure 27: The measured voltage drop due to self-discharge for the 70% zeolite slurry-coated 

supercapacitor cell (red) and the uncoated carbon paper electrode (black), charged up to 1.5 V at a 

constant current of 0.1 A g-1. 

The same PEEK cells were charged up to a voltage of 1.5 V using a constant current of 0.1 A g-1 

which stopped being applied as soon as the cells reached 1.5 V. Voltage continued to be 

measured for 24 hours after this cut-off, as shown in fig. 27, to monitor how the slurry coating 

affected charge retention. Overall, a great improvement can be seen in the cell voltage over the 

course of 24 hours, with the zeolite slurry-coated supercapacitor cell voltage still not plateauing 

by the end of the measured period. The uncoated carbon paper cell began to plateau after about 

30,000 seconds (just over 8 hours) at a voltage of 0.11 V. While this is not the open cell voltage 

of 0 V, it would require an extended amount of time for absolutely all charge to dissipate from 

the electrodes, and so the plateau can be interpreted as essentially uncharged. 

Both cells featured large instantaneous drops in voltage, and the biggest changes occurred in less 

than about 2000 seconds, which is better represented with a logarithmic scale, as shown in fig. 

28, to observe the shorter time period in greater detail. 
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Figure 28: The measured voltage drop for the 70% zeolite slurry-coated supercapacitor cell (red) and 

the uncoated carbon paper electrode (black), charged up to 1.5 V at a constant current of 0.1 A g-1, 

with time displayed as a logarithmic scale. 

The slurry consisted of conductive carbon black and porous molecular sieves. The higher current 

densities and conductivity of the electrode is due to the carbon black additive, whereas the 

charge retention capabilities can be attributed to the zeolite. Both slurry components can be seen 

to contribute to the observed electrode performance. 

 As well as the logarithmic plot, table 3 highlights specific points and allows for direct comparison 

between the charge retention of each electrode design. Note that the lowest possible time 

interval for recorded data was 0.1 s, which is why exact time values for the upper voltage range 

aren’t given.  
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Table 3: Table displaying the time it took for each electrode type to reach the specified 

voltage through self-discharge mechanisms after being charged to 1.5 V at 0.1 A g-1 current. 

Voltage (V) Time (s) Charge retention 

enhancement factor Zeolite slurry coating No coating 

1.5 0 0 0 

1.4 2.5 < 0.1 > 25 

1.3 15.1 < 0.1 > 151 

1.2 64.9 < 0.1 > 649 

1.1 207.1 0.1 2071 

1.0 591.8 0.4 1479 

0.9 1648 0.5 3296 

0.8 3916.8 0.7 5595 

0.7 9740.5 1.4 6958 

0.6 18044.3 3.6 5012 

0.5 28939.3 15.7 1843 

0.4 69516.1 98.5 705 

0.3 Did not reach 772.2 > 111 

0.2 Did not reach 9673.6 >> 9 

0.1 Did not reach Did not reach - 

 

The self-discharge rate of uncoated carbon paper was incredibly fast, and it was not until the 

lower, plateauing voltages of almost 0.1 V that the charge retention enhancement factor began 

to reduce significantly. This makes it difficult to state an exact amount by which the slurry coating 

reduced the effect of self-discharge, but it is clear that charge was retained for much longer than 

with the coating. 

The zeolite slurry-coated supercapacitor cell maintained a voltage of 0.3822 V after 24 h, while 

the uncoated carbon paper supercapacitor had a voltage of 0.1097 V. This is a difference of 

25.48% charge retention over 24 h, compared to 7.31%, for an initial cell voltage of 1.5 V, which 
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is an enhanced retention of 349%. It is likely that this factor is much higher though, especially if 

the plateau voltage state is considered fully discharged. 

 

Figure 29: Logarithmic charge retention plot for 70 wt% zeolite-slurry coated electrodes charged up to 

a maximum of 1.8 V. This initial voltage could not be achieved by uncoated carbon paper electrodes 

and so no comparison was presented. 

These charge retention measurements were measured with an initial voltage of 1.5 V. This is 

notably outside the 1.2 V potential window of water, meaning that some hydrogen or oxygen 

may have been evolved during charging. Shown in fig. 29, the zeolite-coated supercapacitor was 

later successfully charged up to a maximum of 1.8 V. The uncoated carbon paper supercapacitor 

could only be charged up to 1.5 V, regardless of the applied constant current, which might hint 

that zeolites could have a suppression effect on water splitting, but this was not explored further. 
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4. Conclusions and future work 

Most researchers in the supercapacitor field attempt to enhance capacitance by making 

materials more conductive and with a greater specific surface area. Our focus was on charge 

retention without specific regard to capacitance values, but despite this, a capacitance value of 

17.25 F g-1 was achieved. This is definitely in the realm of carbonaceous materials – albeit the low 

end – which is especially impressive considering that the slurry consisted of 70% molecular sieves; 

an insulator rather than a conductor. Improved charge retention was also observed, with more 

than 25% of the charge being retained over the measured 24 hours. These values compare with 

the electrode without the slurry-coating of 0.40 F g-1 specific capacitance and 7% charge retention 

over 24 hours. 

A novel supercapacitor was constructed in air, on the benchtop, using low-cost carbon materials 

with aqueous potassium chloride electrolyte that exhibited 100% coulombic efficiency and 

excellent stability over the equivalent of almost 50 years of testing and cycling. This would 

provide an effective, low-cost supercapacitor design for implementation alongside electric 

vehicles and other applications with short storage time requirements. Given the low surface area 

of the carbon source and the insulating nature of the zeolites, the stated values could easily be 

improved upon, but it has been shown that this design can provide competitive stability and 

capacitance, while also increasing the charge retention capabilities. 

Using another source of carbon, other than carbon black, could help to improve the capacitance 

value. Carbon black has a relatively low surface area for a carbonaceous material, and so another 

source such as graphite or carbon nanotubes could increase the surface area of the slurry coating, 

thereby increasing the capacitance. 

Molecular sieves provided an excellent source of easily attainable zeolite with an appropriate 

pore size for the electrolytic ions, but the synthesis of other zeolite frameworks with larger or 

smaller pore sizes could allow for even further retention of charge. These could be specifically 

tailored for use with K+ and Cl- ions, as well as any other aqueous electrolyte variations.  

The behaviour of the electrolyte ions at the electrode surface were not fully explored in this work 

but could be achieved through EDS comparison of the electrode before and after electrochemical 
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testing. One of the ions might not adsorb to the surface as well as the other or the slurry might 

block some pore access, and so it would be useful to determine what elements are present on 

the electrode after charging, compared with before charging. This would show how the ions are 

distributed along the electrode surface during the charging process, whether on the slurry 

surface or inside the zeolite pores. 

Computational studies for the energy barrier of pores with ions inside and without ions inside 

would give an even deeper understanding for the surface processes and energies at work. This 

could be computationally demanding, depending on the number of atoms required to construct 

a zeolite unit cell, but would provide valuable insights and potentially allow for a more guided 

development of zeolite frameworks. 

A cost comparison between the zeolite slurry-coated electrodes and some high-performance 

electrodes such as RuO2 would further justify the use of low-cost materials. 
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6. Appendix 
 

Appendix 1: Heating protocol for high-temperature heat treatment of carbon nanofibres. 

“C#” are temperature values, given in °C, and “T#” are time values, given in minutes. 

 

Heating Step Value 

C1 0 

T1 40 

C2 200 

T2 20 

C3 200 

T3 40 

C4 600 

T4 20 

C5 600 

T5 30 

C6 750 

T6 60 

C7 750 

T7 70 

C8 1100 

T8 60 

C9 1100 

T9 180 

C10 200 

T10 -121 
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Appendix 2: SEM images of zeolite-embedded carbon nanofibers (top), electrophoretically 

deposited zeolite on carbon nanofibers (middle), and zeolite-slurry coated carbon nanofibers 

(bottom) at a magnification of 500 times. 
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Appendix 3: Cyclic voltammograms at 50 mV s-1 for a) 60% slurry-coated, b) 70% slurry-

coated, c) 80% slurry coated electrode, and d) uncoated carbon paper electrode 
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Appendix 4: Charge retention plot for 70 wt% zeolite-slurry coated electrodes, initially 

charged to 1.5 V (red) and 1.2 V (black) to show how a higher voltage is maintained for a 

higher start voltage 

 

 

Appendix 5: Effect of constant current rate of carbon paper supercapacitor cell, with 0.1 A g-1 

(red), 0.5 A g-1 (black), 1.0 A g-1 (blue), and 2 A g-1 (green) 
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Appendix 6: Plot showing the pitchy nature of the uncoated carbon paper supercapacitor cell 

coulombic efficiency for a 10,000-cycle charge-discharge procedure at 0.1 A g-1. 
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